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ABSTRACT 
This dissertation consists of five papers concerning nitrification in chloraminated 
drinking water distribution systems in a one and a half year field study.  Seven finished waters 
were produced from different treatment processes and distributed to eighteen pilot distribution 
systems (PDSs) that were made pipes taken from actual distribution systems.  Unlined cast iron 
(UCI), galvanized steel (G), lined cast iron (LCI), and PVC pipes were used to build the PDSs.  
All finished waters were stabilized and chloraminated before entering the PDSs.  This 
dissertation consists of five major parts. 
(1) System variations of nitrates, nitrites, DO, pH, alkalinity, temperature, chloramine 
residuals and hydraulic residence times (HRT) during biological nitrification are interrelated and 
discussed relative to nitrification, which demonstrated Stoichiometric relationships associated 
with conventional biochemical nitrification reactions.  Ammonia is always released when 
chloramines are used for residual maintenance in drinking water distribution systems, which 
practically insures the occurrence of biological nitrification to some degree.  Biological 
nitrification was initiated by a loss of chloramine residual brought about by increasing 
temperatures at a five day HRT, which was accompanied by DO loss and slightly decreased pH.  
Ammonia increased due to chloramine decomposition and then decreased as nitrification began.  
Nitrites and nitrates increased initially with time after the chloramine residual was lost but 
decreased if denitrification began.  Dissolved oxygen limited nitrifier growth and nitrification.  
No significant alkalinity variation was observed during nitrification.  Residual and nitrites are 
key parameters for monitoring nitrification in drinking water distribution systems. 
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(2) Using Monod kinetics, a steady state plug-flow kinetics model was developed to 
describe the variations of ammonia, nitrite and nitrate-N concentrations in a chloraminated 
distribution system.  Active AOB and NOB biomass in the distribution system was determined 
using predictive equations within the model.  The kinetic model used numerical analysis and was 
solved by C language to predict ammonia, nitrite, nitrate variation. 
(3) Nitrification control strategies were investigated during an unexpected episode and 
controlled study in a field study.  Once nitrification began, increasing chloramine dose from 4.0 
to 4.5 mg/L as Cl2 and Cl2:N ratio from 4/1 to 5/1 did not stop nitrification.  Nitrification was 
significantly reduced but not stopped, when the distribution system hydraulic retention time was 
decreased from 5 to 2 days.  A free chlorine burn for one week at 5 mg/L Cl2 stopped 
nitrification.  In a controlled nitrification study, nitrification increased with increasing free 
ammonia and Cl2:N ratios less than 5.  Flushing with increased chloramine concentration 
reduced nitrification, but varying flush frequency from 1 to 2 weeks had no effect on 
nitrification. 
(4) HPC variations in a chloraminated drinking water distribution system were 
investigated.  Results showed average residual and temperature were the only water quality 
variables shown to affect HPC change at a five day distribution system hydraulic residence time 
was five days.  Once nitrification began, HPC change was correlated to HRT, average residual 
and generated nitrite-N in the distribution system.  
(5) Biostability was assessed for water treatment processes and distribution system pipe 
by AOCs, BDOCs, and HPCs of the bulk water, and by PEPAs of the attached biofilms.   All 
membrane finished waters were more likely to be biologically stable as indicated by lower 
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AOCs.  RO produced the lowest AOC.  The order of biofilm growth by pipe material was UCI > 
G > LCI > PVC.  Biostability decreased as temperature increased. 
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CHAPTER 1 INTRODUCTION 
1.1 Background 
Chloramines were first used as a disinfectant in the drinking water system in 1916 in 
Ottawa, Canada (Race 1917, Race 1931).  Their first adoption in the United States was in 1917 
in Denver, Colorado (DeBerard 1917).  By 1938, 16 percent of 2,541 utilities surveyed by 
AWWA were using chloramines, but the usage was dramatically reduced due to the shortage of 
ammonia during World War II (Gilcreas 1941, Means et al. 1986). 
Originally the addition of ammonia and chlorine to form chloramines was used for taste 
and odor control and became widely adopted during the 1920s and 1930s (White 1999).  
However the discovery of breakpoint chlorination in 1939, and the need of ammonia for the war 
effort during the early 1940s caused the process to be largely abandoned (White 1999).  The use 
of chloramination has resurged in recent years due to concern over the formation of disinfection 
by-products (DBPs) and the accompanying DBP regulations. 
Chloramination has been implemented by many utilities in the United States, since 
chloramines are less reactive than free chlorine (Wolfe, Ward and Olson 1985, LeChevallier, 
Lowry and Lee 1990, Ollos, Slawson and Huck 1998, Jegatheesan et al. 2000, AWWA and 
AWWARF 1990)  and produce less disinfection by-products (DBPs), such as trihalomethanes 
(THM) and haloacetic acids (HAA) (Brodtmann and Russo 1979, Norman, Harms and Looyenga 
1980, Mitcham, Shelley and Wheadon 1983, Hack 1984, Valentine, Brandt and Jafvert 1986, 
Lykins, Koffskey and Patterson 1994, Leung and Valentine 1994, Thomas 1987, Taylor et al. 
1984,  Taylor et al.1986, Taylor, Thompson and Carswell 1987, Taylor et al. 1992, Taylor et al. 
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2001).  In 1990, a survey revealed that approximately 22 percent of 438 surveyed utilities were 
utilizing chloramines as a secondary disinfectant (Wilczak et al. 1996). 
The USEPA accepted chloramines as a secondary disinfectant in 1978 to limit the 
concentration of THMs, which was mainly responsible for the switch to chloramination at many 
utilities (Wilczak et al. 1996).  USEPA accepted chloramines as a primary disinfectant in 1983 
(White 1999).  Currently Stage 1 Disinfectants/Disinfection By-products (D/DSP) Rule enforces 
a THM4 limit of 80 µg/L and 60 µg/L for the sum of five HAA5 (USEPA 1998).  The rule 
required large surface water systems to comply with the D/DSP Rule by January 2002, and 
ground water systems and small surface water systems to comply by January 2004. 
Some of the disadvantages of applying chloramines as a disinfectant are: (1) chloramines 
are weaker disinfectants than free chlorine (Haas 2000), and hence require much longer contact 
time (CT) for pathogen inactivation when used as primary disinfectant, (2) the maximum 
residual level for chloramines in the D/DBP Rule limits average distribution system 
concentrations to 4 mg/L as Cl2 (USEPA 1998), (3) studies have shown that the addition of 
chloramines as a disinfectant leads to increased concentrations of byproducts such as cyanogen 
chlorides and dichloropanones (Krasner et. al. 1989). 
In addition, chloramines contain ammonia which can potentially act as a food source for 
autotrophic bacteria associated with the nitrogen cycle.  Nitrifiers use ammonia as their energy 
source and produce nitrites which may accelerate the loss of residual (Harrington et al. 2003) and 
contribute to the increase in HPCs.  Autotrophs may also act as primary producers for 
heterotrophic bacterial growth (Furumai and Rittmann 1994).  The loss of residual also violates 
the disinfectant requirements in the Surface Water Treatment Rule (Harrington et al. 2003). 
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Nitrification has been reported in many systems using monochloramine as a disinfectant 
(Barrios and Stone 1989, Wolfe et al. 1988, Wolfe et al. 1990, Cunliffe 1991, Lieu, Wolfe and 
Means 1993), and was also observed with blending of different source waters in the Metropolitan 
Water District, Californa, LA (White 1999, Taylor et al 2001).  A survey revealed that 63% of 
the utilities have experienced evidence of nitrification episodes (Wilczak et al 1996, Odell et al. 
1996).  Another, analytical survey of five chloraminated distribution systems in South Australia 
showed that 64% of samples tested positive for nitrifying bacteria (Cunliffe 1991, Regan, 
Harrington and Noguera 2002). 
A high chloramines residual in treatment plant effluent may not be a sufficient factor in 
preventing nitrification (Wilczak et.al 1996).  Nitrification has been shown to occur at 
monochloramine concentrations of more than 5.0 mg/L (Cunliffe 1991).  Even at high 
chloramines concentrations in finished water (3-6 mg/L), increase in nitrites and nitrates were 
observed in the distribution system (Wilczak et.al 1996).  Skadsen (1993) noted that once 
nitrification had commenced in Ann Arbor’s (Mich.) distribution system adding 
monochloramine dosages up to 8 mg/L did not help in stopping nitrification. 
Nitrification was observed in two covered finished-water reservoirs in Southern 
California following a change in disinfectant from free chlorine to chloramines.  Adverse water 
quality effects caused by the nitrification episodes included a rapid decline in the total chlorine 
and total ammonia-nitrogen residuals and elevated levels of nitrite and HPC.  As a result, the 
reservoirs were taken out of service and breakpoint- chlorinated (Wolfe et al. 1988). 
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1.2 Research Objectives and Scope 
The primary goal of this study is to investigate the nitrification phenomenon in the 
chloraminated drinking water distribution system. Specifically, the study focuses on the water 
quality variation through the distribution system that have not been done in previous studies , 
including the ammonia release from monochloramine, ammonia consumption by nitrifiers, nitrite 
and nitrate generation from ammonia by nitrifers, pH, D. O., and alkalinity variation. 
Microbiological techniques are utilized to investigate the heterotrophic and autotrophic 
biological activities during nitrification. 
For this study, a modeling concept, model development and validation procedures are 
presented to estimate the active biomass concentration of AOB and NOB in the PDS, to predict 
the ammonia, nitrite and nitrate variation during nitrification through the distribution system 
using Monod equation. To capture the changing of nitrogen species through the distribution 
system, a steady-state plug flow mathematical model is developed. The approach uses numerical 
analysis, with the pipe being divided into segment, and the mass balance is given within each 
segment. 
Possible strategies for the control of the nitrification are conducted, including flushing, 
free chlorination, reduce HRT, increase chlorine to ammonia ratio, and increase finished water 
residual concentration. The best methods are recommended for utilities operation. 
1.3 Research Approach 
This document is comprised of nine chapters. The first chapter presents the introduction 
of this topic. Chapter 2 reviews the technologies and presents current research efforts for 
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nitrification study. The theoretical background involved is also introduced in this chapter. 
Chapter 3 presents experimental approach and includes the major analytical techniques. Chapter 
4 presents the first paper entitled “Distribution System Water Quality Profiles during 
Nitrification”, which focuses on the water quality variation through the distribution system. 
Chapter 5 presents the second paper entitled “Nitrification Modeling in Chloraminated 
Distribution Systems”, which focuses on the kinetics modeling of nitrification through the 
distribution system. Chapter 6 presents the third paper entitled “Nitrification Control Study on 
Chloraminated Distribution Systems”, which focuses on the control strategies on nitrification 
control. Chapter 7 presents the fourth paper entitled “HPC Populations in Chloraminated 
Distribution System”, which investigates the HPC bioactivities in the PDS during nitrification. 
Chapter 8 presents the fifth paper entitled “NF & RO Biostability Relative to Alternative 
Methods of Water Treatment”, which investigates the biostability of different finished waters in 
the distribution system. The recommendations for future study are presented in Chapter 9. 
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CHAPTER 2 LITERATURE REVIEW 
2.1 Theory 
2.1.1 Chloramination 
The stepwise reactions by which chlorine and ammonia react to form chloramines are 
presented in the following (Haas 1999) equation (2.1) to (2.3): 
++ ++→+ HOHClNHHOClNH 224  (2.1)
 
OHNHClHOClClNH 222 +→+  (2.2 )
 
OHNClHOClNHCl 232 +→+  (2.3 )
 
As shown in equation (2.4), adding more chlorine will lead to breakpoint reaction: 
+−+ +++→+ HOHClNHOClNH 53332 224  (2.4 )
 
The graphical illustration of these chemical reactions is called breakpoint curve.  The 
breakpoint curve exists as varying amounts of chlorine is added to water containing a certain 
amount of ammonia nitrogen, as shown in Figure 2.1 (Taylor et al. 2001): 
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Figure 2.1 Chlorine-Ammonia Breakpoint Curve 
 
The principal reaction in Zone 1 is the reaction between chlorine and the ammonium ion 
to form monochloramine (Equation (2.1)).  All the way to the hump in the curve this reaction 
results in a chlorine residual containing only monochloramine.  The hump occurs, theoretically, 
at chlorine to ammonia nitrogen weight ratio of 5:1 (molar ratio of 1:1).  However, this is not 
always observed in practice.  This ratio indicates the point where the reacting chlorine and 
ammonia nitrogen molecules are present in solution in equal amount (Haas 2000). 
In zone 2, as the weight ratio begins to exceed 5:1 but less than 7.6:1 (molar ratio 1.5:1), 
some of the monochloramine reacts to form dichloramine (Equation (2.2)) and trichloramine 
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(Equation (2.3)).  At the breakpoint, all the ammonia nitrogen is oxidized to nitrogen with a 
chlorine to nitrogen weight ratio of 7.6:1 (Equation (2.4)).  To the right of the breakpoint (Zone 
3), all ammonia compounds have been consumed, and additional chlorine dose in excess of 7.6:1 
chlorine to nitrogen weight ratio results in the buildup of free chlorine residual (HOCl) (Haas 
2000).  
The products of the reactions between chlorine and ammonia are chloramines.  All three 
of these forms are called combined chlorine.  The sum of their individual values is equal to the 
combined chlorine content.  Free plus combined chlorine is referred to as total chlorine (Haas 
2000).  In either of these forms, chlorine is available as an oxidant or disinfectant in the water 
treatment process.  Free chlorine is far more aggressive in water treatment than combined 
chlorine and is also a stronger oxidizing agent.  Free chlorine reacts more rapidly with organics 
and inorganics and thus does not persist as long as combined chlorine.  Combined chlorine reacts 
more slowly than free chlorine and persists for a longer time (Haas 2000). 
To avoid breakpoint reactions, utilities should maintain a Cl2:N ratio between 3 and 5 by 
weight.  A ratio of 6:1 is actually optimum for disinfection, but it is difficult to maintain a stable 
operation at that point in the breakpoint curve.  Therefore, a Cl2:N ratio of 4 is typically accepted 
as optimal for chloramination (USEPA 1999). 
2.1.2 Nitrification Stoichiometry 
Nitrification of ammonia is a two-step biochemical process in which ammonia is oxidized 
to nitrite, and then nitrite is further oxidized to nitrate.  Two groups of chemoautotrophic bacteria 
namely: ammonia-oxidizing-bacteria (AOB) and nitrite-oxidizing bacteria (NOB) are thought to 
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utilize ammonia and nitrite respectively as their energy sources (Lieu, Wolfe and Means 1993, 
Skadsen 1993, Wolfe et al. 1988).  
Nitrosomonas bacteria oxidize ammonia to nitrite, while Nitrobacter bacteria converts 
nitrite to nitrate, with both species utilizing the energy released from the reactions.  The reactions 
involved are complicated, but can be summarized as (Grady, Daigger and Lim 1999): 
AOB nitrification reaction is given by Equation (2.5): 
OHHNOONH 2224 6
1
3
1
6
1
4
1
6
1 ++→+ +−+  (2.5)
 
Nitrosomonas cell mass growth is given by Equation (2.6): 
+−+ +++→+ HOHNONOHCCONH 2341031513 2227524  (2.6)
 
 The overall equation for oxidation of ammonia to nitrite is presented in Equation (2.7).  
During the reaction ammonia (NH4+) combines with oxygen and bicarbonate to produce bacterial 
cell mass, nitrite (NO2-), water and carbonic acid. 
3222275324 10457541097655 COHOHNONOHCHCOONH +++→++ −−+  (2.7)
 
NOB nitrification is given by Equation (2.8): 
−− →+ 322 2
1
4
1
2
1 NOONO  (2.8)
 
Nitrobacter cell mass growth is given by Equation (2.9): 
−++− ++→+++ 32752242 102510 NOHNOHCOHCONHNO  (2.9)
 
The overall equation for oxidation nitrite to nitrate is presented by Equation (2.10): 
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−−+− ++→++++ 32275233242 40031954400 NOOHNOHCOHCOCOHNHNO  (2.10)
 
In the above reactions, nitrite combines with ammonia, carbonic acid, hydrogen 
carbonate and oxygen to produce bacterial cell mass, water and nitrate (NO3-). 
The reactions indicate that nitrification (1) requires a high oxygen input, (2) causes a drop 
in pH due to the generation of protons,  and (3) consumes alkalinity. 
Furthermore, nitrite, the product from the growth of AOB, in turn rapidly reduces free 
chlorine (Rittmann and Snoeyink 1984) and accelerates the decomposition of chloramines 
(Valentine 1984, Dennis, Rauscher and Foust 1991).  Wolfe  et al. (1988) showed that a chlorine 
demand of 5 mg/L is exerted by 1mg/L of nitrite-N.  The reactions involved are presented in 
Equation (2.11) and Equation (2.12) (Chen and Jensen 2001): 
+−−− ++→+ HClNONOHOCl 32  (2.11)
 
−+−− ++→++ ClNHNOOHNOClNH 43222 (2.12)
 
2.1.3 Nitrification Kinetics 
The most frequently used relationship to represent bacterial growth kinetics is called 
‘Monod equation’ (Rittmann and McCarty 2001) and is given by Equation (2.13): 
SK
S
dt
dX
X syn
a
a
syn +=⎟⎟⎠
⎞
⎜⎜⎝
⎛= µµ ˆ1  (2.13)
 
Where µsyn: specific growth rate due to synthesis (T-1) 
  Xa: concentration of active biomass (MxL-3) 
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  t: time (T) 
  S concentration of the rate limiting subs: trate (MsL-3) 
  µˆ : maximum specific growth rate (T-1) 
 K: concentration giving one-half the maximum rate (MsL-3) 
 the basic rate.  Hence the Monod 
equation takes the form as shown in Equation (2.14): 
 
 
The rate of substrate utilization is often used as
aut XSK
Sqr +−=
ˆ
 (2.14)
 
ut
 : maximum specific rate of substrate utilization (MsMx-3T-1) 
ction between biomass growth and substrate utilization is presented by 
Equation (2.15): 
Where r : rate of substrate utilization (MsL T ) -3 -1
qˆ 
 
 The conne
Yqˆˆ =µ  (2.15)
 
Where Y: true yield for cell synthesis (MxMs-1) 
 The net cell growth is given by Equation (2.16): 
 
aaanet bXXSK
SqYXr −+==
ˆµ  (2.16)
 
Where rnet: the net rate of active-biomass growth (MsL T ) -3 -1
µ : net specific growth rate of active biomass (T-1) 
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 b: endogenous-decay coefficient (T-1) 
suc s  effects: 
• at the utilization of the substrate is slowed by the high 
concentration of itself: 
 
 
The rates of microbial growth can be slowed by the presence of inhibitory compounds 
h a  disinfectants (Rittman and McCarty 2001).  There are three kinds of inhibition
The self-inhibition is th
IS
eff
K
S
qq
+
=
1
ˆˆ  or
IS
eff
K
S
KK
+
=
1
 
(2.17)
• 
ree to 
which the inhibitor is bound.  Competitive inhibition is shown in Equation (2.18):  
 
Competitive inhibition is when a separate inhibitor binds the catalytic site of the 
degradative enzyme and thus excludes the substrate binding in proportion to the deg
⎟⎟⎠
⎞
⎜⎜⎝
⎛ +=
I
eff K
IKK 1  (2.18)
 
• 
bstrate utilization is slowed.  Noncompetitive inhibition is shown in 
quation (2.19): 
 
Noncompetitive inhibition is when a separate inhibitor binds with the degradative 
enzyme at a site different from the reaction site, altering the enzyme conformation in a 
manner that the su
E
I
eff
K
I
qq
+
=
1
ˆˆ  
(2.19)
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Where KIS: inhibition concentration of self-inhibitory substrate (MsL-3) 
 K titive inhibitor (MsL-3) 
eff, Keff: effective parameters 
ger 
 
 still 
nia and ammonium, or the total free available ammonia (Grady, 
Daigge
I: inhibition concentration of compe
qˆ
2.1.4 Kinetics Parameter 
The growth kinetics of nitrifiers can be expressed by Monod Eauation (Grady, Daig
and Lim 1999).  However, due to the low growth rate and low yield for cell synthesis, it is 
difficult to estimate the kinetics parameters.  It is usually considered that ammonia molecule not
the ammonium ion is the substrate for nitrifiers, but in the Monod Eauation the substrate is
used as the sum of ammo
r and Lim 1999). 
The range of maximum specific growth rate coefficients ( µˆ ) and half-saturation const
(K) has been reported as 0.34-2.21 day
ant 
values 
 drop 
H range of 7-9, AOB activity drops 
signific
ture dependence of nitrifiers may explain 
the predominant nitrification episodes during summer. 
-1 and 0.06-5.6 mg/L as N, respectively.  Their typical 
at 20oC are 0.77 day-1 and 1.0 mg/L as N, respectively (Grady, Daigger and Lim 1999). 
Since ammonia is pH dependent in the water, the growth of nitrifiers using ammonia as 
substrate is also pH dependent.  The maximum growth rate occurs around pH 8, with a 20%
per unit pH away from this optimal pH.  Outside the p
antly (USEPA 1993, Harrington et al. 2003). 
Temperature has a strong effect on the growth rate of nitrifiers (USEPA 1993).  The 
maximum specific growth rate at 30 oC is two or three times higher than at 20oC.  While at 5 oC, 
the rate is about one third of that at 20 oC.  The tempera
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2.2 Chloramines 
Chloramines were first used as a disinfectant in the drinking water system in 1916 in 
Ottawa, Canada (Race 1917, Race 1931).  Their first adoption in the United States was in 1917 
in Denver, Colorado (DeBerard 1917).  By 1938, 16 percent of 2,541 utilities surveyed by 
AWWA were using chloramines, but the usage was dramatically reduced due to the shortage of 
ammonia during World War II (Gilcreas 1941, Means et al. 1986). 
Originally the addition of ammonia and chlorine to form chloramines was used for taste 
and odor control and became widely adopted during the 1920s and 1930s (White 1999).  
However the discovery of breakpoint chlorination in 1939, and the need of ammonia for the war 
effort during the early 1940s caused the process to be largely abandoned (White 1999).  The use 
of chloramination has resurged in recent years due to concern over the formation of disinfection 
by-products (DBPs) and the accompanying DBP regulations. 
Generally pre-ammoniation (addition of ammonia prior to chlorine) leads to lower DBPs 
formation (Means et al. 1986, White 1999).  However, no clear consensus exists on the best 
method of chemical addition (pre, simultaneous or post ammoniation) (Haas 2000). 
Chloramination has been implemented by many utilities in the United States, since 
chloramines are less reactive than free chlorine (Wolfe, Ward and Olson 1985, LeChevallier, 
Lowry and Lee 1990, Ollos, Slawson and Huck 1998, Jegatheesan et al. 2000, AWWA and 
AWWARF 1990)  and produce less disinfection by-products (DBPs), such as trihalomethanes 
(THM) and haloacetic acids (HAA) (Brodtmann and Russo 1979, Norman, Harms and Looyenga 
1980, Mitcham, Shelley and Wheadon 1983, Hack 1984, Valentine, Brandt and Jafvert 1986, 
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Lykins, Koffskey and Patterson 1994, Leung and Valentine 1994, Thomas 1987, Taylor et al. 
1984,  Taylor et al.1986, Taylor, Thompson and Carswell 1987, Taylor et al. 1992, Taylor et al. 
2001).  In 1990, a survey revealed that approximately 22 percent of 438 surveyed utilities were 
utilizing chloramines as a secondary disinfectant (Wilczak et al. 1996). 
The USEPA accepted chloramines as a secondary disinfectant in 1978 to limit the 
concentration of THMs, which was mainly responsible for the switch to chloramination at many 
utilities (Wilczak et al. 1996).  USEPA accepted chloramines as a primary disinfectant in 1983 
(White 1999).  Currently Stage 1 Disinfectants/Disinfection By-products (D/DSP) Rule enforces 
a THM4 limit of 80 µg/L and 60 µg/L for the sum of five HAA5 (USEPA 1998).  The rule 
required large surface water systems to comply with the D/DSP Rule by January 2002, and 
ground water systems and small surface water systems to comply by January 2004. 
Some of the disadvantages of applying chloramines as a disinfectant are: (1) chloramines 
are weaker disinfectants than free chlorine (Haas 2000), and hence require much longer contact 
time (CT) for pathogen inactivation when used as primary disinfectant, (2) the maximum 
residual level for chloramines in the D/DBP Rule limits average distribution system 
concentrations to 4 mg/L as Cl2 (USEPA 1998), (3) studies have shown that the addition of 
chloramines as a disinfectant leads to increased concentrations of byproducts such as cyanogen 
chlorides and dichloropanones (Krasner et. al. 1989). 
In addition, chloramines contain ammonia which can potentially act as a food source for 
autotrophic bacteria associated with the nitrogen cycle.  Nitrifiers use ammonia as their energy 
source and produce nitrites which may accelerate the loss of residual (Harrington et al. 2003) and 
contribute to the increase in HPCs.  Autotrophs may also act as primary producers for 
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heterotrophic bacterial growth (Furumai and Rittmann 1994).  The loss of residual also violates 
the disinfectant requirements in the Surface Water Treatment Rule (Harrington et al. 2003). 
Nitrification has been reported in many systems using monochloramine as a disinfectant 
(Barrios and Stone 1989, Wolfe et al. 1988, Wolfe et al. 1990, Cunliffe 1991, Lieu, Wolfe and 
Means 1993), and was also observed with blending of different source waters in the Metropolitan 
Water District, Californa, LA (White 1999, Taylor et al 2001).  A survey revealed that 63% of 
the utilities have experienced evidence of nitrification episodes (Wilczak et al 1996, Odell et al. 
1996).  Another, analytical survey of five chloraminated distribution systems in South Australia 
showed that 64% of samples tested positive for nitrifying bacteria (Cunliffe 1991, Regan, 
Harrington and Noguera 2002). 
A high chloramines residual in treatment plant effluent may not be a sufficient factor in 
preventing nitrification (Wilczak et.al 1996).  Nitrification has been shown to occur at 
monochloramine concentrations of more than 5.0 mg/L (Cunliffe 1991).  Even at high 
chloramines concentrations in finished water (3-6mg/L), increase in nitrites and nitrates were 
observed in the distribution system (Wilczak et.al 1996).  Skadsen (1993) noted that once 
nitrification had commenced in Ann Arbor’s (Mich.) distribution system adding 
monochloramine dosages up to 8 mg/L did not help in stopping nitrification. 
Nitrification was observed in two covered finished-water reservoirs in Southern 
California following a change in disinfectant from free chlorine to chloramines.  Adverse water 
quality effects caused by the nitrification episodes included a rapid decline in the total chlorine 
and total ammonia-nitrogen residuals and elevated levels of nitrite and HPC.  As a result, the 
reservoirs were taken out of service and breakpoint- chlorinated (Wolfe et al. 1988). 
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Another aspect of quantifying chloramines residual is that chloramines formed from 
organic (Feng 1966, Kruse et al. 1970) rather than inorganic nitrogen can be measured as 
residual but are actually far less effective (Haas 2000, White 1999).  This may be one reason 
why systems with apparently sufficient combined chlorine residual can not inhibit nitrification 
(Odell et al. 1996).  These organic chloramines are measured by forward titration using either the 
amperometric or the DPD-FAS method and appear in the dichloramine fraction (White 1999).  
Thus the measured chloramines residual may be very high, but the effective residual is actually 
not that high, after organic nitrogen has reacted with chlorine or chloramines residuals (Wilczak 
et al. 1996, White 1999).  In some systems increased nitrates and nitrites were observed even 
with 3 to 6 mg/L chloramines residuals (Wilczak et al. 1996).  However, it was not reported 
whether this was due to the presence of organic chloramines or other factors.  
2.3 Nitrification 
Nitrification at the treatment plant to remove ammonia from the raw water may be 
beneficial.  But incomplete nitrification in the distribution system can have a number of adverse 
effects, including decrease in chloramines residual (Valentine 1984), increase in HPC, increase 
in nitrite and nitrate concentrations, and decrease in alkalinity, pH, and DO concentration 
(Wilczak et al. 1996).  Systems experiencing nitrification may not be able to meet the 
bacteriological requirements of the Total Coliform Rule (TCR) and could potentially have 
increased concentrations of nitrite and nitrate, which are also regulated contaminants. 
Wilczak et.al. (1996) surveyed the utilities using chloramines in the United States.  An 
estimated two third of medium and large US systems that chloraminated experienced some 
degree of nitrification.  About every fourth surveyed utility reported moderate to severe 
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nitrification problems.  In addition, every fourth utility did not know the extent of nitrification in 
the system.  The incidence of nitrification was more frequent during summer or when the 
temperature was greater than 15 oC; nevertheless, several sites sampled under cold water 
conditions (below 10oC) also evidenced nitrification (Lieu, Wolfe and Means 1993). 
No one water quality parameter by itself may be a good indicator of nitrification, but 
several important factors should be evaluated collectively namely: nitrites, nitrates, chloramines 
dosage and residual, ammonia, pH, HPC, and DO (Odell et al. 1996, Wilczak et al. 1996).  
Nitrite or alternately nitrate was sometimes the predominant form of oxidized nitrogen observed.  
Typically it was nitrite, probably because nitrite reacts rapidly with chlorine/chloramines 
residual.  Thus the kinetics of nitrite consumption is probably more rapid than the kinetics for 
nitrite oxidation to nitrate in many systems.  However in a few systems nitrate was observed, and 
thus must also be monitored.  A Metropolitan Water District study showed good correlations 
between HPC and AOB numbers above HPC counts of 350 cfu/mL.  During the same study 
ammonia, alkalinity, pH, and TOC were not found to be very sensitive or accurate indicators of 
nitrification (Wilczak et al. 1996). 
Odell et al. (1996) summarized that nitrification occurs within the pH range of 6.5 to 
10.0.  A nitrification study (Srinath, Loehr and Prakasam 1976, Wong-Chong and Loehr 1975) 
showed that most nitrification occurred at higher temperatures, although in one unusual case, 
nitrification occurred when temperatures ranged from 5 to 15 oC and did not occur at higher 
temperatures.  Nitrification of 1mg/L of ammonia consumes 3-4 mg/L of oxygen, so utilities 
with low DO concentrations in the distribution systems may have less potential for nitrification 
to occur (Odell et al. 1996). 
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A nitrification study (Srinath, Loehr and Prakasam 1976, Wong-Chong and Loehr 1975) 
showed that systems at low ratios of Cl2:N had no evidence of nitrification, whereas systems 
with higher ratios showed nitrification.  The study showed no apparent relationship between 
ammonia concentration (<2mg/L) and nitrification.  Once nitrification had begun, higher 
chloramines can not inactivate nitrifying bacteria and further increase in chloramines level was 
ineffective at controlling nitrification (Odell et al. 1996).  Many systems have reported that 1-2 
mg/L total residual is enough to prevent onset of nitrification (Odell et al. 1996).  The impact of 
NOM on nitrification is not well understood.  Removal of NOM prevents the conversion of 
inorganic chloramines to less bactericidal organic chloramines (but normally undistinguishable) 
in the distribution system.  Thus NOM removal can result in a better biologically stable water not 
only with respect to heterotrophic growth but also with respect to autotrophic nitrification.  This 
tends to support White (1999) contention that the European approach of removing NOM rather 
than relying on disinfectant residual produces a superior, albeit more expensive finished water.  
However there is even more widespread disagreement with this point of view (Haas 1999, 
Norton and LeChevallier 1997, Taylor et al. 2001) for other reasons.  Processes that remove 
organic compounds or promote complete nitrification at the treatment plant reduce the potential 
for nitrification in the distribution system (Rittmann and Snoeyink 1984, Rittmann 1990, Kurtz-
Crooks 1986). 
Longer detention times increase the potential for nitrification to occur (Ike, Wolfe and 
Means 1988, Cunliffe 1991).  The presence of sediment or tubercles in the distribution system 
can enhance the potential for nitrification by reducing residuals and providing favorable 
conditions for biological activity.  Nitrification associated with longer storage times, or increased 
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drawdown elevations has been observed and thus storage is an important factor in storage tanks 
and covered reservoirs (Odell et al. 1996).  
The method detection limit (MDL) is a concern for oxidized nitrogen forms because 
changes in nitrite and nitrate associated with nitrification can be from 50 µg/L (Wilczak et al. 
1996) to 1 mg/L as N (Pontius 2000).  In one case nitrate MDL for the automated cadmium 
reduction method was lowered by increasing cell-path length, increasing electronic gain on the 
colorimeter, increasing sample-reagent mixing, sample-to-wash ratio, and sample-to-reagent 
ratio (Wilczak et al. 1996).  Odell et al. (1996) documented that a significant fraction of utilities 
did not notice nitrate increases during nitrification, which was probably because they exclusively 
focused their monitoring efforts on nitrite.  From a full scale survey, Wilczak et al. (1996) set a 
criterion of 50 µg/L of nitrite plus nitrate nitrogen) with the concern that either or both could be 
an important indicator of a nitrification event (Taylor et al. 2001). 
Murphy, O'Connor and O'Connor (1997) conducted a study to determine the causes of 
copper corrosion within household plumbing systems in the City of Willmar, Minnesota.  
Preliminary indications were that both nitrification and copper corrosion proceeded 
simultaneously during water distribution.  There might be some linkage between the two 
phenomena within specific households.  However, system-wide Lead and Copper Rule violations 
due to nitrification were not cited in the literature.  Norton and LeChevallier (1997) noted that 
high AOC levels corresponded to pitting corrosion suggesting that heterotrophic bacteria (e.g. 
some sulfate reducing bacteria, iron respirers, aerobes and denitrifiers) may also influence 
corrosion.  Norton and LeChevallier (1997) also noted that in some distribution systems 
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nitrification problems may not occur for several years after switching to chloramines, but in 
some cases it may take only a few months. 
2.4 Ammonia 
The Cl2:N ratio by weight may be one of the important ways of controlling nitrification in 
a chloraminated system.  However, even with a 5:1 ratio, a small amount of free ammonia is 
always present in chloraminated systems (McGuire 1999). 
Excess ammonia can be one of the principal causes of nitrification.  Nitrification has been 
shown to occur in laboratories even at trace concentrations of ammonia (50µg/L) (Kirmeyer et al. 
1995, Wilczak et al. 1996). 
Excess ammonia can be introduced into the distribution system during formation of 
chloramines, but can also be released from the decomposition of chloramines.  Glaze (1990) 
revealed that monochloramine has a sufficiently high oxidation potential to oxidize organic 
molecules such as glucose.  The redox half half-reaction for monochloramine is given by 
Equation (2.20) (Harrington et al. 2003): 
−−+ +→++ ClNHeHClNH 32 2  (2.20)
 
The presence of dissolved reducing materials such as natural organic matter will result in 
the depletion of monochloramine and an associated release of ammonia.  Valentine, Ozekin and 
Vikesland (1998) documented that ammonia is also released by the auto decomposition of 
monochloramine. 
A survey performed by Wilczak et al. (1996), detected no meaningful trend between 
plant effluent ammonia concentration and Cl2:N ratio, except for a general qualitative 
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relationship of a decrease total ammonia concentrations with an increase in nitrite and nitrate- 
nitrogen.  Skadsen (1993) documented that increasing Cl2:N ratio did not prevent nitrification in 
the distribution system.  However, a bench-scale experiment by Lieu, Wolfe and Means (1993) 
showed that at 25 oC the microbicidal activity of chloramines increased when the Cl2:N ratio was 
increased from 3:1 to ≤ 4:1.  However, the study showed that Cl2:N ratio was not a factor at 
temperatures of 10 oC and 15 oC. 
The reaction of nitrite with chloramines (Equation (2.12)) results in the release of more 
ammonia, lower residual, and thus more nitrification, and subsequently more chloramines 
consumption.  The net result is a death spiral for the chloramines residual (Coffey, personal 
communication).  This also opens the door for heterotrophic regrowth in the distribution system.  
One method of controlling nitrification is the addition of free chlorine for brief periods of time.  
However some utilities use this as a last resort due to concern over non-cancer end points 
associated with free chlorine such as spontaneous abortions (Coffey, personal communication, 
Taylor et al. 2001).   However, other utilities that practice periodic chlorination more routinely to 
control nitrification (Odell et al. 1996) have reported that this also results in higher coliform 
positive samples. 
2.5 Microbial Activity 
It is a widely believed fact that nitrifying bacteria are generally found everywhere in 
nature (Prosser 1986).  It may be assumed to be present in most chloraminated water systems 
because the required inactivation dosages of chlorine are typically high (Cunliffe 1991, Odell et 
al. 1996).  AOB growth in chloraminated drinking water systems was identified as early as 1935 
(Feben 1935). 
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From the episode of Metropolitan Water District of Southern California, Wolfe et al. 
(1990) stated that AOB were not only capable of surviving in the presence of 1.2-1.5 mg/L of 
monochloramine but were also capable of growing in the presence of these disinfectant levels.  
Feben (1935) found that AOB could survive at chloramines residuals of 2 mg/L for as long as 60 
minutes.  The resistance of nitrifying bacteria to disinfection may result from their tendency of 
attaching to the surface of sediment and other debris (Watson et al. 1989).  High levels of AOB 
have been detected in sediment and on the floors and walls of reservoirs (Ike, Wolfe and Means 
1988, Wilczak et al. 1996).  
Lieu, Wolfe and Means (1993), Skadsen (1993) and Wolfe et al. (1988) cited that 
nitrification is a biological process in which sequential oxidation of ammonia to nitrite and to 
nitrate occurs.  The first step takes place when AOB oxidizes ammonia to nitrite.  Nitrosomonas 
europea and monocella and Nitrosococcus are the principal AOB species, although Nitrosolobus, 
Nitrosococcus, Nitrosovibrio, Nitrosospira, Nitrosocystis and Nitrosogloea may be involved to a 
lesser extent.  Some HPC bacteria are capable of nitrification, but the process is slow.  
Nitrobacto winogradskyi and Nitrocystis are the major NOB species in the second step of 
nitrification, and other postulated organisms are Nitrococcus, Nitrospina and Nitrobactor agilia.  
AOB’s exhibit slow growth and are inhibited by sunlight (Alleman, Kermida and Pantea-Kister 
1987).  Abeliovich (1985) reported that sunlight inhibited Nitrosomonas eupaea in the growth 
phase, but had no effect in the stationary phase.  AOB’s are obligate aerobes and the optimum 
pH for AOB is in the alkaline range (>8.0) (Valentine 1984, Kruse et al. 1970).  Optimum 
temperature for AOB is 25-30oC (Donlan and Pipes 1988, Watson, Valos and Waterbury 1981), 
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although growth has been observed at temperature as low as 5 oC.  Nitrite oxidizers exist in a 
narrower range of water temperature and pH values than AOB’s. 
Regan, Harrington and Noguera (2002) characterized the diversity of AOB and nitrite- 
oxidizing bacteria (NOB) in the distribution system of a pilot-scale chloraminated drinking water 
treatment system using terminal restriction fragment length polymorphism (T-RFLP) analysis 
and 16S rRNA gene (ribosomal DNA left bracket rDNA right bracket) cloning and sequencing.  
For ammonia oxidizers, 16S rDNA-targeted T-RFLP indicated the presence of Nitrosomonas in 
each of the distribution systems, with a considerably smaller peak attributable to Nitrosospira 
like AOB.  Sequences of AOB amplification products aligned within the Nitrosomonas 
oligotropha cluster and were closely related to N.  oligotropha and Nitrosomonas ureae.  The 
nitrite-oxidizing communities comprised primarily of Nitrospira, although Nitrobacter was also 
detected in some samples.  These results suggest a possible selection of AOB related to N.  
oligotropha and N.  ureae in chloraminated systems and demonstrate the presence of NOB, 
indicating a biological mechanism for nitrite loss that contributes to a reduction in nitrite-
associated chloramines decay. 
Chlorine to ammonia ratio is a significant parameter for AOB growth because the 
presence of free ammonia is one of the roots of AOB colonization in distribution systems.  
AOB’s tend to be in greatest abundance in sediments and in storage reservoirs, particularly when 
temperatures are from 25 to 28 oC (77 to 82oF) and detention times are significant (White 1999).  
Chloramines can inactivate AOB’s at sufficiently high concentrations but are temperature 
dependant (Lieu, Wolfe and Means 1991, Lieu, Wolfe and Means 1993) and a Cl2:N ratio of > 
5:1 is also recommended.  An increase in nitrite concentration lagged behind AOB growth by 1 
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to 3 weeks at a temperature of 15 oC (Lieu, Wolfe and Means 1993).  At 15°C a residual of 2 to 
2.5 mg/L coupled with a 5:1 or greater Cl2:N ratio was sufficient to prevent nitrification (Lieu, 
Wolfe and Means 1993).  Norton and LeChevallier (1997) documented that a full scale utility 
monitors free ammonia and adjusts the Cl2:N ratio accordingly to minimize the free ammonia 
concentrations entering the distribution system (usually below 0.1 mg/L).  It is generally 
believed that chloramines are superior to free chlorine for controlling biofilms (Haas 2000, 
Taylor et al. 2001). 
Skadsen (1993) documented that during nitrification, an increase in HPC bacteria was 
observed concurrent with the decrease in monochloramine residuals.  The magnitude of the HPC 
increase ranged from 0.3 to 2.1 log.  A threshold effect of monochloramine on HPC was 
observed and varied from 1.0 to 3.0 mg/L of NH2Cl.  Wolfe et al. (1998) also observed an 
increase in HPC during nitrification.  Annular reactor experiments performed by Ollos, Slawson 
and Huck (1998) also showed that HPC’s decreased with increasing chloramines dose and a 
combined residual of 1 mg/L was enough to suppress HPC growth.  Furumai and Rittmann 
(1994) stated that the HPC growth is enhanced by the absence of chloramines residual and by the 
production of soluble products from AOB growth. 
It has been documented that (Camper, Jones and Hayes 1996, Harrington et al. 2003) the 
biological activity in distribution system is associated with biofilm formation.  If the chloramines 
demand from the biofilm is sufficiently large, the biocide cannot penetrate into the inner part of 
the biofilm.  However the consumption of the biocide will release ammonia, which can diffuse 
into the inner part of the biofilm and serve as the food for nitrifier growth. 
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Abernathy and Camper (1997) found that using an effective corrosion control treatment 
would typically reduce microbial populations within the distribution system.  The study showed 
that corrosion products have a significant influence on the amount of microorganisms a pipe 
material can support.  Goethite (" -FeOOH), the most common corrosion product found in 
distribution systems, is of particular importance because it is able to absorb and transform humic 
substances to more bioavailable forms, resulting in increased substrate for attached 
microorganisms.  This study had also demonstrated that the addition of zinc orthophosphate or 
polyphosphate reduced biofilm densities compared to that of a chlorinated reactor without 
inhibitor addition.  Similarly, biofilm densities in iron annular reactors were reduced by 1.5 log 
when chloraminated water was supplemented with zinc orthophosphate.  The study revealed that 
an effective corrosion control program would reduce the amount of goethite formed on a ferrous 
pipe, and would consequently reduce the amount of bioavailable carbon on the surface and 
reduce habitat for problematic microorganisms. 
Studies have documented relationships between corrosion of an iron pipe and the 
protection of biofilm bacteria from disinfection.  It is widely believed that the corrosion products 
react with chlorine disinfectants and prevents the biocide from penetrating the biofilm layer and 
inactivating the attached bacteria.  A study performed by LeChevallier et al. (1993) showed that 
even low levels of corrosion, i.e., less than 1 mpy, can interfere with free chlorine disinfection 
and higher corrosion rates affect monochloramine disinfection.  From the study LeChevallier et 
al. (1993) suggested that the type of corrosion also influences the efficiency of disinfection of the 
biofilm. 
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An increase in the ratio of chloride and sulfate to bicarbonate (the Larson index) was 
associated with pitting corrosion, which appeared to interfere with disinfection more than general 
corrosion (LeChevallier et al. 1993).  Multiple linear regression models have shown to predict 
approximately 75 percent of the variation in biofilm inactivation.  Provided that low corrosion 
rates and Larson indices were achieved, no one corrosion inhibitor was preferred over another to 
control biofilm bacteria (LeChevallier et al. 1993). 
Lower and Moser (1984) reported that the level of coliforms decreased within a few 
weeks following the application of zinc orthophosphate in the Seymour,IN. system.  
LeChevallier, Shaw and Smith (1996) reported that the use of phosphate based corrosion 
inhibitors is associated with lower coliform levels.  In another study, Volk et al. (2000) did not 
find evidence of increased bacteria levels with increasing phosphate levels for corrosion control. 
2.6 Control of Nitrification 
Potential short-term control methods for nitrification include: reducing detention times 
(Wolfe et al. 1988, Ike, Wolfe and Means 1988, Negrin, Heyer and Cheng 1990, Lieu, Wolfe and 
Means 1993), increasing the ratio of Cl2:N in order to minimizing excess ammonia in the 
finished water (Wolfe et al. 1988, Negrin, Heyer and Cheng 1990, Lieu, Wolfe and Means 
1993), periodically chlorinating the water to breakpoint (Wolfe et al. 1988, Negrin, Heyer and 
Cheng 1990, Lieu, Wolfe and Means 1993), draining and refilling the storage tank (Burlingame 
and Brock 1985, Lieu, Wolfe and Means 1993), and regularly flushing the distribution system 
(Wolfe et al. 1988). 
In 1990, several measures were taken to control nitrification in the Ann Arbor water 
system (Skadsen 1993).  The residual ammonia-N with a Cl2:N ratio of 4.75:1 was maintained 
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from a initial range of 0.1 to 0.3 mg/L to <0.15mg/L, but was unsuccessful. The failure was 
attributed to poor sampling leading to inability to properly control ammonia.  Another approach 
used was to increase the chloramines residual from 4.6 to 5.0 mg/L and keeping the finished 
water reservoir residual as 8.0 mg/L  was also ineffective.  In 1991, the ratio was successfully 
controlled at greater than 4.5:1, but nitrification was still observed at the same locations.  
Flushing of a distribution point exhibiting signs of nitrification was instituted until the residual 
was above 3.0mg/L.  This approach provided only temporary results and the residuals were 
quickly lost within a one to two day time frame.  Free chlorination was implemented and proved 
to be successful. 
Murphy, O'Connor and O'Connor (1998) also reported that nitrification could be 
successfully controlled by breakpoint ammonia reduction.  In this strategy, enough chlorine is 
added to partly destroy the combined chlorine residual (i.e. to the downward slope of the 
breakpoint curve) without reaching the breakpoint.  The desired point is where the free ammonia 
concentration is as close to zero as possible, but to stop at a point when there is still a significant 
amount of combined chlorine residual remaining.  Implementing this technology in a full-scale 
system helped in maintaining a higher chloraminse residual even in areas where maintenance had 
been difficult prior to using breakpoint ammonium reduction treatment (BART).  The two month 
period after this rapid change was followed by a slow decrease in oxidized nitrogen forms.  By 
implementing this strategy, the plant reduced the disinfectant applications and also eliminated a 
booster station.  However, there were still some seasonal variations in nitrate and nitrite levels 
indicating that nitrification had been reduced but not eliminated.  According to Taylor et al. 
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(2001), the main disadvantage of this approach is that, it is somewhat more difficult to maintain 
consistent chloramines residuals in the region of the breakpoint curve. 
Odell et al. (1996) documented that after commencement of nitrification breakpoint 
chlorination may be the most effective measure to control nitrification.  Many utilities implement 
breakpoint chlorination once or twice yearly for a period of one week to one month but in the 
past some utilities have experienced high percentages of coliform-positive samples during the 
free chlorine period (Odell et al. 1996).  Reducing the ammonia concentration and increasing the 
Cl2:N ratio is probably an effectively preventive measure and can provide ongoing improvement  
from a nitrification point of view in the distribution system (Odell et al. 1996). 
Increasing chloramines residuals may not be effective at controlling episodes of 
nitrification already under way, but it may be an effective method for preventing nitrification in 
the long run (Odell et al. 1996).  Maintaining a combined residual of at least 1 to 2 mg/L can be 
helpful in preventing nitrification.  Removal of organic compounds at the treatment plant has the 
potential for improving the control of nitrification.  Distribution system cleaning through high-
velocity flushing, pigging and biofilm controlling can be fairly effective for both controlling 
episodes and preventing nitrification (Odell et al. 1996).  Reducing system detention time can be 
effective control, when coupled with other measures, such as re-chlorination (Odell et al. 1996).  
The rating of various methods used for controlling nitrification in distribution systems is 
presented in Table 2.1: 
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Table 2.1 Evaluation of Control Methods for Distribution System Nitrification 
Source:  adapted from Odell et al., 1996 
Control Method Episode Control Long-term Improvement 
Breakpoint Chlorination Superior Fair 
Reduction of available ammonia Or increase 
Cl:N ratio Fair Good 
Increase Chloramine Residual Fair Good 
Remove NOM Good Unknown 
Clean Distribution System Good Good 
Improve Distribution System Detention 
Times/Hydraulics Good Good 
 
Mcguire (1999) found that chlorite retarded nitrification at Gulf Coast Water Authority 
(GCWA) in Texas City, Texas, because it was present as a degradation product of GCWA’s use 
of chlorine dioxide.  Both laboratory and full-scale distribution system studies have shown that 
increasing chlorite levels in water helps in reducing AOB concentration and thereby controlling 
nitrification. 
O'Connor, Murphy and O'Connor (2001) used sodium chlorite as an alternative to using 
BART for nitrification control and found that using sodium chlorite; helped in increasing oxygen 
and chloramines residuals in portions where they were formerly depleted, and significantly 
reduced nitrification in the distribution system. 
No studies had focused on the relationship between corrosion control strategies and 
nitrification control.  Corrosion control measures, such as corrosion inhibitor addition, can help 
maintain the residuals (LeChevallier et al. 1993), inactivate the bacterial (Lower and Moser 
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1984, LeChevallier et al. 1993, LeChevallier, Shaw and Smith 1996, Abernathy and Camper 
1997, Volk et al. 2000), control the biofilms (LeChevallier et al. 1993, Abernathy and Camper 
1997).  The control of biofilm may effectively help to control nitrification. 
2.7 Nitrification Kinetics Model 
Vayenas, Pavlou and Lyberatos (1997) developed a dynamic model describing 
nitrification and nitrafication in trickling filters.  The model predicted the concentration profiles 
of ammonia, nitrite and nitrate along the filter depth and along the biofilm depth, as a function of 
the operating parameters, in batch as well as in continuous operation.  The model also predicted 
the biofilm thickness as a function of filter depth and time.  No disinfectant inhibition or 
dissolved oxygen limitation were considered in the model.  The continuous version of the model 
had been verified by pilot scale experiments and it states that nitrite accumulation would be 
observed only when a significant ammonia concentration was observed at the filter outlet. 
Lu, Biswas and Clark (1995) developed a mathematical model that accounts for 
simultaneous transport of substrates, disinfectants and microorganisms to predict substantial 
changes in quality of distributed water.  The model consisted of a set of mass balance equations 
for organic substances, ammonium nitrogen, oxidized nitrogen, dissolved oxygen, alkalinity, 
biomass, and disinfectants in the bulk liquid phase and within the biofilm under both laminar and 
turbulent flow conditions.  The model was validated by comparing its solutions with the 
numerical solutions in the literature and was then applied for predicting the behavior of a typical 
water treatment plant effluent through a distribution pipe.  It was found that, the flow properties 
and disinfectant (free chlorine) consumption rate at the pipe wall played a significant role in the 
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determination of potable water quality in the distribution system.  It is unknown why there still 
existed about 0.1mg/L ammonia nitrogen with a free chlorine concentration of about 0.8 mg/L. 
Chandran and Smets (2000) formulated a mechanically based nitrification model to 
facilitate determination of both NH4-N to NO2-N and NO2-N to NO3-N oxidation kinetics from a 
single NH4-N to NO3-N batch-oxidation profile by explicitly considering the kinetics of each 
oxidation step.  In the model, stoichiometrical coefficients relating nitrogen removal, oxygen 
uptake, and biomass synthesis were derived from an electron-balanced equation.  A parameter 
identifying analysis of the developed two-step model revealed a decrease in correlation and an 
increase in the precision of the kinetic parameter estimates when NO2-N oxidation kinetics 
became increasingly rate-limiting.  These findings demonstrate that two-step models describe 
nitrification kinetics adequately only when NH4-N to NO3-N oxidation profiles contain sufficient 
information pertaining to both nitrification steps.  Thus, the rate-determining step in overall 
nitrification must be identified before applying conventionally used models to describe batch 
nitrification respirograms (Chandran and Smets  2000). 
Tsuno, Hidaka and Nishimura (2002) developed a simple biofilm model of competition 
in bacterial growth for an attached surface.  Competition for the attached surface was expressed 
with the crowded and detachment effects.  The developed model was verified by comparing 
simulated results with data obtained in the experiments of batch culture of nitrifiers and 
continuous treatment of actual sewage with biofilm reactor and it was concluded that the model 
can favorably simulate the growth competition between autotrophic and heterotrophic bacteria 
for the attached surface.  It was clarified from the model that the effective removal of organic 
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matter before nitrification tank is required for effective nitrification in the biofilm reactor (Tsuno, 
Hidaka and Nishimura 2002). 
Chandran and Smets (2001) derived expressions for biomass yield coefficients describing 
autotrophic ammonia and nitrite oxidation from a mechanistically based electron balanced 
equation.  They demonstrated that applying the conventional expression used to calculate the 
heterotrophic biomass yield results in erroneous estimates for the autotrophic biomass yield and 
the yield coefficients for autotrophic NH4–N to NO2–N oxidation and NH4–N to NO3–N 
oxidation are overestimated by 27 to 36%.  Due to correlation between the maximum specific 
growth rate and the biomass yield, the error in yield values propagates in 30 to 40% 
overestimates of the maximum specific growth rate coefficient for NH4–N oxidation determined 
from batch respirograms.  Therefore, it is essential to employ the correct expression to estimate 
the autotrophic biomass yield coefficient from batch respirograms due its inadvertent impact on 
subsequent parameter estimation. 
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CHAPTER 3 MATERIALS AND METHODS 
3.1 Pilot Plant Design 
3.1.1 TBW Project Pilot Plant 
 The general view of the pilot plant is presented in Figure 3.1. The roof was used to 
protect the system from the sunshine of the hot season. The process water storage tanks can be 
seen under the roof, and the PDSs were located at the right end of the picture. Three air stripping 
tower located at the right side of the picture outside of the roof. 
 
 
Figure 3.1 Pilot Plant Site 
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 The project trailers are shown in the following picture Figure 3.2. The five trailers from 
the right to the left were used for ozonation, nanofiltration, reverse osmosis, tool storage, and 
field laboratory separately in that order. A Suburban located in the left was one of the vehicles 
used for transportation between UCF campus and the field. 
 
 
Figure 3.2 Project Trailers 
 
 The detailed site layout is illustrated in Figure 3.3. 
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 Figure 3.3  Project Site Layout 
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3.1.2 Process Waters 
Waters were produced from seven different treatment systems, which were aeration of 
groundwater (G1), softening of ground (G2) and blends (G3), surface water CSF-O3-GAC (S1), 
IMS (CSF-NF, or S2), high pressure RO of ground water, and nanofiltration of water blends 
(G4) (Taylor 2001, Liu et al. 2003).  The finished waters were blended and distributed to 18 
different pilot distribution systems (PDS).  The RO source was augmented with salts to mimic 
seawater.  A brief description of the pilot water treatment processes is presented in Table 3.1 
with an abbreviated identification (Taylor, 2001). The pilot process water tanks are shown in 
Figure 3.4. 
 
Table 3.1  Pilot Unit Description 
Identification Source Water Treatment Processes 
G1 Groundwater Aeration, Disinfection, pH stabilization,  
G2 Groundwater Softening, Sedimentation, Filtration, Disinfection, 
pH stabilization 
G3 Groundwater, RO 
and S1 Blends 
Softening, Sedimentation, Filtration and 
Disinfection, pH stabilization 
G4 Groundwater, RO and S1 Blends Nano-filtration, Disinfection, pH stabilization 
S1 Surface Water Coagulation, Flocculation, Sedimentation, Ozone, GAC, Filtration, Disinfection, pH stabilization 
S2 Surface Water Coagulation, Flocculation, Sedimentation, Nano-filtration, Disinfection, pH stabilization 
RO Groundwater 5 µm cartridge pre-filtration, RO, Disinfection, pH stabilization 
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 Figure 3.4 Process Water Tanks 
 
 The pilot process water unit designs are illustrated in Figure 3.5 for G1, Figure 3.6 for S1, 
Figure 3.7 for RO, Figure 3.8 for G2 and G3, and Figure 3.9 for S2 and G4. The single element 
membrane design used for S2 and G4 is shown in Figure 3.10. 
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 Figure 3.5 G1 Groundwater Treatment Pilot Unit Design 
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 Figure 3.6 S1 Surface Water Treatment Pilot Unit Design 
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 Figure 3.7 Reverse Osmosis RO Water Treatment Pilot Unit Design 
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 Figure 3.8  G2 and G3 Lime Softening Water Treatment Pilot Unit Design 
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 Figure 3.9 S2 and G4 Membrane Water Treatment Pilot Unit Design 
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Figure 3.10 Single Element Membrane Design 
 
3.1.3 Pilot Distribution System 
There were 18 pilot distribution systems (PDS) as presented in Figure 3.11. The PDSs 
consisted of PVC, galvanized (G), lined ductile iron (LCI) and unlined cast iron (UCI) pipes 
taken from existing distribution systems. The PVC, LCI, UCI and G pipe diameters were 6”, 6”, 
6” and 2” respectively.  Fourteen of the PDSs were hybrid PDSs, consisted PVC, LCI, UCI, and 
G pipes in that order, and four other PDSs were pure material PDSs from the four materials. The 
pilot distribution systems were designed with a 5-day HRT. A 5-day distribution system pipe 
volume was used for flushing, which controlled the minimum flow and capacity of the pilot 
system water treatment processes.  The main design constraint for PDS was the 5-day HRT with 
a 1 ft/sec flush period every 5 days.  The periodic flush reduced biofilm accumulation by 
simulating velocity in a full-scale distribution system. 
The pilot plant was running for totally six phases. Each phase was about three months. 
Phase I was from 12/06/2001 to 3/14/2002, phase II from 3/15/2002 to 6/13/2002, phase III from 
6/14/2002 to 9/12/2002, Phase IV from 9/13/2002 to 12/14/2002, phse V from 12/15/03 to 
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4/04/2003, and phase VI from 4/05/2003 to 7/04/2003. Nitrification strated in phase III, and the 
HRT of the distribution systems was reduced from 5-day to 2-day at the end of Phase III to 
control nitrification. 
 
 
Figure 3.11 Distribution System of Pilot Plant 
 
 The conceptual flow diagram of PDS for single source or blend is illustrated in Figure 
3.12. The detailed PDS design is presented in Figure 3.13. 
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Figure 3.12 Conceptual Flow Diagram of Pilot Distribution System For Single Source or Blend 
Notes: 
1. Not to Scale. 
2. Each pipe section length is proposed to be 25 feet maximum 
3. Single Distribution system proposed to be approximately 115 feet in length. 
4. There will be 18 experimental units in the pilot distribution system. 
5. Fourteen pilot distribution systems will be constructed as described above. 
6. Four pilot distribution systems will contain a single pipe material. 
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 Figure 3.13  Pilot Distribution System Detail 
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3.2 Analytical Method 
3.2.1 Chlorine (Residual) 
Measurement of residual chlorine was carried out by FAS titration with DPD as the 
indicator (SM 4500-Cl F). In the field, HACH® spectrophotometer was used for determination of 
residual chlorine by the DPD colorimetric method (SM 4500-Cl G). 
3.2.2 Ammonia 
The ammonia-selective electrode (SM 4500-NH3 D) method was used to measure the 
ammonia concentration in the water samples. Series of standards solution were carried out each 
time to cover the concentration range of the water samples. The ammonia concentration was 
calculated from the standard curve. 
3.2.3 Nitrite 
Measurement of nitrite nitrogen was carried out by colorimetric method (SM 4500-NO2- 
B), through formation of a reddish purple azo dye at pH 2.0 to 2.5. Spectrophotometer was used 
for the concentration measurement. Series of standards solution were carried out each time to 
cover the detection range. The nitrite concentration was calculated from the standard curve. 
3.2.4 Nitrate 
Measurement of nitrate nitrogen was carried out by the HACH® adaptation of cadmium 
reduction (SM 4500-NO3- E), through the reduction of nitrate to nitrite in the presence of 
cadmium. The produced nitrite and the original nitrite as well were measured by colorimetric 
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method (SM 4500-NO2- B). Series of standards solution were carried out each time to cover the 
detection range. The nitrate concentration was calculated from the standard curve. It should be 
noted that this reported nitrate concentration includes the nitrite and nitrate in the water samples, 
hence the nitrate concentration reported in this paper should include nitrate and nitrite in the 
system. 
3.2.5 Potential ExoProteolytic Activity (PEPA) 
The Potential ExoProteolytic Activity (PEPA) method measures the global activity of the 
biofilm, estimating the potential of bacteria to lysis proteins, using a proteic non-fluorescent 
artificial substrate (here L-Leucine β-Naphtylamide, LLβN). The enzymatic hydrolysis of this 
substrate leads to a fluorescent product (here β-Naphtylamine, βN), which can be detected by 
spectrofluorimetry. Fluorescence was plotted as a function of time and the rate of degradation 
gave an estimate of biological activity in the sample (Laurent, 1995). The same four pipe 
materials (PVC, LCI, UCI, and G) were used for PEPA testing as were in the PDS. The cradles 
as shown in Figure 3.14 were used for the biofilm study. Coupons as shown in Figure 3.15 were 
put inside the cradles. Same feed water of the PDSs was put in to cradles and coupons were put 
into the cradles at the start of each phase or period and were taken out for biofilm analysis at the 
enbd of each phase or period. 
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 Figure 3.14 Cradles of Pilot Plant 
 
 
Figure 3.15 Coupons in the Cradles 
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3.2.6 Assimilable Organic Carbon (AOC) 
Assimilable organic carbon (AOC) is DOC that can be easily assimilated by bacteria and 
converted to cell mass (Liu, 2001).  AOC concentration corresponds directly to bacterial 
regrowth potential. 
The AOC method was first published in Europe (Van der Kooij, 1982).  A modified 
version of Van der Kooji’s method was published in the United States (LeChevallier et al, 1993). 
Pseudomonas fluorescens strain P17 and Spirillum strain NOX that are indigenous in drinking 
water are the measuring strains. It is assumed that cell numbers in the stationary phase of the two 
bacteria are linearly correlated to AOC concentration in water, AOC concentration can be 
calculated by comparing the cell number incubated in an organic compound (sodium acetate) 
with standard concentration and the cell number incubated in water samples (Standard Methods, 
9217B). 
3.2.7 Biofilm Detachment 
Coupons colonized by biofilm were sampled and rinsed very carefully with Phosphate 
Buffer Solution  (PBS) twice. Then the biofilm was manually detached from the coupon using a 
sterile cell scraper (sterilized by Ethanol 70%) in 4-mL of sterile PBS, and then homogenized 
using a tissue blender (Tissue TearorTM, Biospec products, Inc) at 3000 rpm for 10 seconds. The 
solution with bacterial detached from the biofilm was then measured for biofilm HPC, MPN, and 
FISH. 
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3.2.8 HPC 
HPC was performed by spread plating on R2A agar and incubated at 25 oC for seven 
days. As outlined in Standard Method 9215C (APHA, AWWA, and WEF, 1992) 
HPC was measured both in the bulk water and in the biofilm on the coupons.  The measurement 
of HPC represents the heterotrophic bacterial growth in the samples. 
3.2.9 Fluorescence in Situ Hybridization (FISH) 
FISH was used to determine the total bacterial and AOB concentration. The EUB 338 
probe is complementary to a conserved region of the 16S rRNA of all bacteria. Probe Nso 190  
and Nso1225 target sequence of Nitrosomonas eutropha (Mobarry, 1996). 
3.2.10 Most-Probable-Number (MPN) 
Viable Nitrosomonas europaea cells were enumerated by the 5-tube MPN procedure 
using Soriano and Walker medium (Soriano et al., 1968). Three sets of 5 tubes were used. In 
each tube there was 5 mL of medium. The sets were inoculated with 1, 0.1, and 0.01-mL aliquots 
of the sample. Dilutions were made when needed in Standard Methods (SM 9050 C) buffer 
(APHA et al. 1989). After inoculation, tubes were incubated in the dark for 21 days at 28 oC 
(Wolfe et al. 1990). Then, the cultures were tested for the presence of nitrite using 300 uL of an 
equal parts mixture of 0.6% dimethyl-α-naphthylamine and 0.8% sulfanilic acid. Tubes 
developing a deep reddish color within 5 minutes were scored positive for viable AOB. 
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3.3 Operational Summary 
The pilot plant was designed initially with a HRT of 5 days in the distribution system, the 
monochloramine dose in the finished waters was 4.0 mg/L as Cl2, and the chlorine to nitrogen 
was 4:1. Whole system was started at 12/06/2001, and continuously ran for six phases, with 
about three months for each phase, and finished at 7/4/2003. No nitrification occurred during the 
period of phase I and Phase II, from 12/06/2001 to 6/13/2002. Since phase III, 6/14/2002, when 
was summer time, temperature was high, the PDS effluent residuals and DO dropped 
significantly, nitrification started. At that time, finished water chlorine dosage was increased 
from 4.0 to 4.5 mg/L as Cl2, and the chlorine to nitrogen ratio by weight was increased from 4:1 
to 5:1, while the HRT was still 5 days, but the situation wasn’t getting better. Then start at 
8/30/2002, to further control nitrification, decision was made to reduce the HRT from 5 days to 2 
days. Hence nitrification was reduced significantly but not stopped. 
During Phase IV, from 9/13/2002 to 12/23/2002, the whole PDSs was running under the 
condition of 2 days HRT, 4.5 mg/L as Cl2 dose, and 5:1 chlorine to nitrogen ratio. PDS 5, 11, 14, 
15, and 18 of the 18 PDS were undergoing certain degree of nitrification. 
Phase V was running during the period of 12/15/2002 to 4/04/2002. The first week of 
Phase V was running with free chlorination and nitrification was eliminated. Afterwards, 14 of 
the PDSs were selected for corrosion effect study, and PDS 11 to 14 was originally selected for 
nitrification study. Since nitrification was eliminated by free chlorination, measures had to be 
taken to incubate nitrifiers. Since 12/24/2002, the disinfection was shifted back to combined 
chlorine, and additional dose of 1mg/L ammonia was put into PDS 11 to 14 for about one month, 
but no nitrification occurred. Hence, in order to accelerate occurring of nitrification, since 
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1/31/2003 sodium thiosulfate was dosed into the four PDSs to quench the residual of the 
influents. But nitrification still wasn’t showing up easily as hoped till at the end of phase V. 
Phase VI was from 4/05/2003 to 7/04/2003. PDS 9-18 was selected for nitrification 
study. Nitrification was in PDS 11 to 14 after three months’ incubation in Phase V, and PDS 9, 
10, and 15 – 18 was incubated for three weeks since the start of Phase VI with 1.0mg/L 
ammonia-N and sodium thiosulfate quenching for the occurrence of nitrification. HRT was 
initially selected for 5 days HRT, but anaerobic condition occurred in the PDSs, so the HRT was 
shitted back to 2 days HRT. The summary of the pilot plant operation events is presented in 
Table 3.2. 
There are four cycles for PDSs 11 – 14 and three cycles for PDSs 9, 10, 15-18. The first 
cycle for PDSs 11 – 14 was running initially at 5 day HRT, but the PDSs underwent anaerobic 
condition, and hence they were shifted back to 2 day HRT, so the actual sampling cycle was 
three. Three different chlorine to ammonia ratios were used in each cycle, 4:1, 5:1 and 3:1, as 
shown in Table 3.3.  The finished waters were produced at a ratio of 5:1, the additional ammonia 
was put into the influent of PDSs individually. 
Flushing system using high residual finished water was also studied in the field during 
Phase VI. PDSs 9 and 10 were chosen for this flushing study. The flush strategy is shown in 
Table 3.4. The flush concentration for PDS 9 was 10mg/L as Cl2, and 7mg/L for PDS 10. Before 
flush, the finished waters were pumped to the flush storage water tank, and the water chlorine 
concentration was adjusted to the target concentration for flushing. Flushing dates were indicated 
as dash lines in the figures. The incubation was stopped at 5/2/03, and the two PDSs were shifted 
to normal chloramination. From 5/2/03 to 6/6/03, the PDSs were flushed every one and half 
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weeks with three flushes totally, and from 6/6/03 to 7/4/03, the PDSs were flushed weekly with 
four flushes totally. Data collection was terminated on 7/4/03. The flushing strategy is shown in 
Table 3.4. 
 
Table 3.2 Pilot Plant Operation Events 
Phase Start End Comments 
I 12/06/2001 03/14/2002 Dose=4.0mg/L as Cl2, Cl2:N=4:1, HRT=5 days 
II 03/15/2002 06/13/2002 Dose=4.0mg/L as Cl2, Cl2:N=4:1, HRT=5 days 
06/14/2002 09/12/2002 Occurring nitrification, residual lost 
06/14/2002 – Dose=4.5mg/L as Cl2, Cl2:N=5:1, HRT=5 days III 
08/30/2002 – Dose=4.5mg/L as Cl2, Cl2:N=5:1, HRT=2 days 
IV 09/13/2002 12/23/2002 Internal ports work on PDS 5, 11, 14, 15, and 18 
12/15/2002 12/23/2003 Free chlorination 
12/24/2002 01/30/2003 PDS 11-14 incubation, with 1mg/L NH3-N addition V 
01/31/2003 04/04/2003 PDS 11-14 addition of thiosulfate and NH3-N, no flush 
04/05/2003 04/13/2003 PDS 11-14 nitrification study with 5 days HRT initially 
04/14/2003 07/04/2003 Change 11-14 HRT to 2 days 
04/05/2003 05/02/2003 Incubate PDS 9, 8, and 15-18,  5 day HRT 
04/26/2003 – Change PDS 9, 8, and 15-18 to 2 days HRT 
05/02/2003 – Terminate PDS 9, 8, and 15-18 incubation, 
VI 
05/03/2003 07/04/2003 PDS 9, 8, and 15-18 nitrification study with 2 day HRT 
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Table 3.3 Nitrification Operation Cycles in Phase VI 
Description PDSs Cycle Duration Cycle Cl2:N Ratio Start End 
3 weeks 1 3 05 Apr 25 Apr 
3 weeks 2 4 26 Apr 16 May 
4 weeks 3 5 17 May 13 Jun 
Nitrification – 
First Group 11 to 14 
3 weeks 4 3 14 Jun 04 Jul 
3 weeks 2 4 03 May 23 May 
3 weeks 3 5 24 May 13 Jun Nitrification – Second Group 
09, 10, 15 to 
18 
3 weeks 4 3 14 Jun 04 Jul 
 
 
Table 3.4 PDS 9 and 10 Flushing Strategy in Phase VI 
PDS PDS 9 PDS 10 
Flush NH2Cl Concentration (mg/L as Cl2) 10.0 10.0 7.0 7.0 
Flush Frequency (week) 1.5 1 1.5 1 
05/16/03 06/13/03 05/16/03 06/13/03 
05/26/03 06/20/03 05/26/03 06/20/03 
06/06/03 06/27/03 06/06/03 06/27/03 
Flush Dates 
- 07/04/03 - 07/04/03 
 
 
 56
The feed waters for the PDSs chosen for nitrification study during Phase V and VI are 
shown in Table 3.5. Basically, three matrices were chosen, RO, S1, G1, and the blend of the 
three waters. The blend ratio in Phase V for G1: S1: RO was 40% : 30% : 30%, and the ratio in 
Phase VI was 62% : 27% : 11%. The matrices for PDSs 11- 14 were shifted at date of 6/13/03. 
 
Table 3.5 Feed Matrices for PDSs under Nitrification Study 
Phase V VI 
Date 1/30/03-4/04/2003 4/05/03-6/12/03 6/13/03-7/04/03 
PDS 9 - Blend Blend 
PDS 10 - Blend Blend 
PDS 11 RO RO G1 
PDS 12 S1 S1 Blend 
PDS 13 G1 G1 RO 
PDS 14 Blend Blend S1 
PDS 15 - Blend Blend 
PDS 16 - Blend Blend 
PDS 17 - Blend Blend 
PDS 18 - Blend Blend 
Blend 
Ratio 
G1(40%) 
S1(30%) 
RO (30%) 
G1(62%) 
S1(27%) 
RO (11%) 
G1(62%) 
S1(27%) 
RO (11%) 
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3.4 Nitrification Experimental Design in Phase V & VI 
The experimental plan for variation of independent variables is described in the following 
text and in Table 3.6 and Table 3.7. 
1) PDS Requirement 
a) Four in Phase V, PDS 11-14 
b) Ten in Phase VI, PDS 9-18 
2) Four Sources for Phases V and VI. 
a) RO, G1, S1 and Blend (40-30-30 in Phase V, and 62-27-11 in Phase VI), which 
provided natural variation of AOC 
3) PDS Operating Conditions 
a) Constant 
i) 2-Day HRT, initially 5 for Phase VI, then shifted back to 2-day. 
ii) PDS feed pH was pHs 
b) Independent Variables 
i) Temperature was controlled by ambient air temperature 
ii) NH2Cl Variation During Regular Operation  
(a) NH2Cl Concentration was planned to vary by month at 0, 2 and 2 mg/L for 
months 1, 2 and 3 (P V). But nitrification not occurred as expected and zero 
concentration by quenching lasted for the whole phase. 
(b) NH2Cl Feed Concentration was 4 mg/L for P VI. 
iii) Excess NH3 Concentration  
(1) Excess NH3 Concentration of 1 mg/L was added for nitrifier incubation. 
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(2) Excess NH3 Concentration of 0, 0.2, 0.5 mg/L was added in the feed of 
PDSs to reach 4:1, 5:1 and 3:1 chlorine-ammonia ratio for cycle 2, 3 and 4 in P 
VI. 
iv) Flushing Frequency 
(1) No flushing during incubation for PDS 11-14 (P V), and first cycle of P VI 
for PDS 9-18. 
(2) Flushing frequency was 2 weeks for PDS 11-18 (P VI). 
(3) Flushing frequency was 1.5 and 1 weeks for first and second months (P 
VI) for PDS 9 and 10. 
v) Flush Disinfectant and Concentration 
(1) Flush disinfectant was 10 and 7 mg/L NHCl2 for PDSs 9 and 10 (P V) 
separately. 
(2) Flush disinfectant was 4 mg/L Cl2 for PDS 11-18 (P VI). 
4) Sampling Frequency once per week 
Sampling frequencies were defined in the following outline and in Table 3.8 for 
processes waters, Table 3.9 for PDSs 11-14, and Table 3.10 for PDSs 9, 10, & 15-18. 
a) Inorganic parameters  
i) Six major inorganic ion 
ii) TKN, Ammonia, Nitrate and Nitrite 
iii) Specific evaluation of Cu and Pb was done using corrosion loops for specific 
change of WQ and disinfectant. 
b) Internal ports 
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Sampling frequencies were defined in the following outline and in Table 3.11. 
i) Frequency was once per cycle for PDS 11-18 (P VI) 
ii) Ammonia, Nitrate, Nitrite, Residual, DO, Temperature, pH, and Alkalinity 
c) Biological parameters 
i) Biological parameters:  HPCs, AOC, TC, AOB, TOC 
(1) Frequency was specified in Table 3.9 for PDSs 11-14, and Table 3.10 for 
PDSs 9, 10, & 15-18.  AOC and AOB were denoted as AOC-S and AOB-S, 
which means that specified samples will be collected for AOC and AOB-S during 
nitrification study.  Typically monthly samples were done 
ii) PEPA was evaluated on specified samples as was proposed for AOC and AOB 
d) Surface Characterization 
i) Coupons for surface characterization were evaluated on specified occasions as 
were proposed for PEPA, AOC and AOB. 
5) Six Months period for Nitrification Study 
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Table 3.6  Operating Plan for Phases V and VI 
PDS 11 PDS 12 PDS 13 PDS 14 PDS 9 PDS 10 PDS 11 PDS 12 PDS 13 PDS 14 PDS 15 PDS 16 PDS 17 PDS 18
HRT 2 Days 2 Days 2 Days 2 Days 2 Days 2 Days 2 Days 2 Days 2 Days 2 Days 2 Days 2 Days 2 Days 2 Days
pH pHs pHs pHs pHs pHs pHs pHs pHs pHs pHs pHs pHs pHs pHs
Temperature Uncontrolled Uncontrolled Uncontrolled Uncontrolled Uncontrolled Uncontrolled Uncontrolled Uncontrolled Uncontrolled Uncontrolled Uncontrolled Uncontrolled Uncontrolled Uncontrolled
not applicable not applicable not applicable not applicable not applicable not applicable not applicable not applicable not applicable not applicable
NH2Cl 0 mg/L 0 mg/L 0 mg/L 0 mg/L not applicable not applicable not applicable not applicable not applicable not applicable not applicable not applicable not applicable not applicable
NH3 1 mg/L 1 mg/L 1 mg/L 1 mg/L not applicable not applicable not applicable not applicable not applicable not applicable not applicable not applicable not applicable not applicable
Source RO S1 G1 B1 not applicable not applicable not applicable not applicable not applicable not applicable not applicable not applicable not applicable not applicable
Flush Freq. None None None None not applicable not applicable not applicable not applicable not applicable not applicable not applicable not applicable not applicable not applicable
Flush Dis. not applicable not applicable not applicable not applicable not applicable not applicable not applicable not applicable not applicable not applicable not applicable not applicable not applicable not applicable
Flush Dis. Conc. not applicable not applicable not applicable not applicable not applicable not applicable not applicable not applicable not applicable not applicable not applicable not applicable not applicable not applicable
not applicable not applicable not applicable not applicable
NH2Cl not applicable not applicable not applicable not applicable 0 mg/L 0 mg/L 4 mg/L 4 mg/L 4 mg/L 4 mg/L 0 mg/L 0 mg/L 0 mg/L 0 mg/L
NH3 not applicable not applicable not applicable not applicable 1 mg/L 1 mg/L 0.5 mg/L 0.5 mg/L 0.5 mg/L 0.5 mg/L 1 mg/L 1 mg/L 1 mg/L 1 mg/L
Source not applicable not applicable not applicable not applicable B2 B2 RO S1 G1 B2 B2 B2 B2 B2
Flush Freq. not applicable not applicable not applicable not applicable None None 3 weeks 3 weeks 3 weeks 3 weeks None None None None
Flush Dis. not applicable not applicable not applicable not applicable not applicable not applicable NH2Cl NH2Cl NH2Cl NH2Cl not applicable not applicable not applicable not applicable
Flush Dis. Conc. not applicable not applicable not applicable not applicable not applicable not applicable 4 mg/L 4 mg/L 4 mg/L 4 mg/L not applicable not applicable not applicable not applicable
not applicable not applicable not applicable not applicable
NH2Cl not applicable not applicable not applicable not applicable 4 mg/L 4 mg/L 4 mg/L 4 mg/L 4 mg/L 4 mg/L 4 mg/L 4 mg/L 4 mg/L 4 mg/L
NH3 not applicable not applicable not applicable not applicable 0.2 mg/L 0.2 mg/L 0.2 mg/L 0.2 mg/L 0.2 mg/L 0.2 mg/L 0.2 mg/L 0.2 mg/L 0.2 mg/L 0.2 mg/L
Source not applicable not applicable not applicable not applicable B2 B2 RO S1 G1 B2 B2 B2 B2 B2
Flush Freq. not applicable not applicable not applicable not applicable 1.5 weeks 1.5 weeks 3 weeks 3 weeks 3 weeks 3 weeks 3 weeks 3 weeks 3 weeks 3 weeks
Flush Dis. not applicable not applicable not applicable not applicable NH2Cl NH2Cl NH2Cl NH2Cl NH2Cl NH2Cl NH2Cl NH2Cl NH2Cl NH2Cl
Flush Dis. Conc. not applicable not applicable not applicable not applicable 10 mg/L 7 mg/L 4 mg/L 4 mg/L 4 mg/L 4 mg/L 4 mg/L 4 mg/L 4 mg/L 4 mg/L
not applicable not applicable not applicable not applicable
NH2Cl not applicable not applicable not applicable not applicable 4 mg/L 4 mg/L 4 mg/L 4 mg/L 4 mg/L 4 mg/L 4 mg/L 4 mg/L 4 mg/L 4 mg/L
NH3 not applicable not applicable not applicable not applicable 0 mg/L 0 mg/L 0 mg/L 0 mg/L 0 mg/L 0 mg/L 0 mg/L 0 mg/L 0 mg/L 0 mg/L
Source not applicable not applicable not applicable not applicable B2 B2 RO S1 G1 B2 B2 B2 B2 B2
Flush Freq. not applicable not applicable not applicable not applicable 1.5/1 weeks 1.5/1 weeks 3 weeks 3 weeks 3 weeks 3 weeks 3 weeks 3 weeks 3 weeks 3 weeks
Flush Dis. not applicable not applicable not applicable not applicable NH2Cl NH2Cl NH2Cl NH2Cl NH2Cl NH2Cl NH2Cl NH2Cl NH2Cl NH2Cl
Flush Dis. Conc. not applicable not applicable not applicable not applicable 10 mg/L 7 mg/L 4 mg/L 4 mg/L 4 mg/L 4 mg/L 4 mg/L 4 mg/L 4 mg/L 4 mg/L
not applicable not applicable not applicable not applicable
NH2Cl not applicable not applicable not applicable not applicable 4 mg/L 4 mg/L 4 mg/L 4 mg/L 4 mg/L 4 mg/L 4 mg/L 4 mg/L 4 mg/L 4 mg/L
NH3 not applicable not applicable not applicable not applicable 0.5 mg/L 0.5 mg/L 0.5 mg/L 0.5 mg/L 0.5 mg/L 0.5 mg/L 0.5 mg/L 0.5 mg/L 0.5 mg/L 0.5 mg/L
Source not applicable not applicable not applicable not applicable B2 B2 G1 B2 RO S1 B2 B2 B2 B2
Flush Freq. not applicable not applicable not applicable not applicable 1 weeks 1 weeks 3 weeks 3 weeks 3 weeks 3 weeks 3 weeks 3 weeks 3 weeks 3 weeks
Flush Dis. not applicable not applicable not applicable not applicable NH2Cl NH2Cl NH2Cl NH2Cl NH2Cl NH2Cl NH2Cl NH2Cl NH2Cl NH2Cl
Flush Dis. Conc. not applicable not applicable not applicable not applicable 10 mg/L 7 mg/L 4 mg/L 4 mg/L 4 mg/L 4 mg/L 4 mg/L 4 mg/L 4 mg/L 4 mg/L
From 01/30/03 to 04/04/03 From 04/05/06 to 07/04/03
PV
Cycle 1 (5 Day HRT)
Cycle 4
Nitrification Study from 12/24/2002 to 07/04/2003
Cycle 2 (Change to 2 Day HRT)
Cycle 3
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Table 3.7  Nitrification Experimental Design for Phase VI 
PDS 9 PDS 10 PDS 11 PDS 12 PDS 13 PDS 14 PDS 15 PDS 16 PDS 17 PDS 18
Source B2 B2 RO S1 G1 B1 B2 B2 B2 B2
NH2Cl 0 0 4 mg/L 4 mg/L 4 mg/L 4 mg/L 0 0 0 0
NH3-N 1  mg/L NH3 1  mg/L NH3 0.5mg/L 0.5mg/L 0.5mg/L 0.5mg/L 1  mg/L NH3 1  mg/L NH3 1  mg/L NH3 1  mg/L NH3
Cl2/NH3 3/1 x x x x
4/1
5/1
HRT 2 days
5 days x x x x x x x x x x
Flush Freq. 1 week
1.5 week
3 week x x x x
Flush Time minutes 5 5 5 5
Flush Dis. NH2Cl x x x x
Flush Dis. Conc. 4 mg/L x x x x
7 mg/L
10 mg/L
Source B2 B2 RO S1 G1 B2 B2 B2 B2 B2
NH2Cl 4 mg/L 4 mg/L 4 mg/L 4 mg/L 4 mg/L 4 mg/L 4 mg/L 4 mg/L 4 mg/L 4 mg/L 4 mg/L
NH3-N 0.2 mg/L 0.2 mg/L 0.2 mg/L 0.2 mg/L 0.2 mg/L 0.2 mg/L 0.2 mg/L 0.2 mg/L 0.2 mg/L 0.2 mg/L
Cl2/NH3 3/1
4/1 x x x x x x x x x x
5/1
HRT 2 days x x x x x x x x x x
5 days
Flush Freq. 1 week
1.5 week x x
3 week x x x x x x x x
Flush Time minutes 5 5 5 5 5 5 5 5 5 5
Flush Dis. NH2Cl x x x x x x x x x x
Flush Dis. Conc. 4 mg/L x x x x x x x x
7 mg/L x
10 mg/L x
Source B2 B2 RO S1 G1 B2 B2 B2 B2 B2
NH2Cl 4 mg/L 4 mg/L 4 mg/L 4 mg/L 4 mg/L 4 mg/L 4 mg/L 4 mg/L 4 mg/L 4 mg/L 4 mg/L
NH3-N
Cl2/NH3 3/1
4/1
5/1 x x x x x x x x x x
HRT 2 days x x x x x x x x x x
5 days
Flush Freq. 1 week
1.5 week x x
3 week x x x x x x x x
Flush Time minutes 5 5 5 5 5 5 5 5 5 5
Flush Dis. NH2Cl x x x x x x x x x x
Flush Dis. Conc. 4 mg/L x x x x x x x x
7 mg/L x
10 mg/L x
Source B2 B2 G1 B2 RO S1 B2 B2 B2 B2
NH2Cl 4 mg/L 4 mg/L 4 mg/L 4 mg/L 4 mg/L 4 mg/L 4 mg/L 4 mg/L 4 mg/L 4 mg/L 4 mg/L
NH3-N 0.5 mg/L 0.5 mg/L 0.5 mg/L 0.5 mg/L 0.5 mg/L 0.5 mg/L 0.5 mg/L 0.5 mg/L 0.5 mg/L 0.5 mg/L
Cl2/NH3 3/1 x x x x x x x x x x
4/1
5/1
HRT 2 days x x x x x x x x x x
5 days
Flush Freq. 1 week x x
1.5 week
3 week x x x x x x x x
Flush Time minutes 5 5 5 5 5 5 5 5 5 5
Flush Dis. NH2Cl x x x x x x x x x x
Flush Dis. Conc. 4 mg/L x x x x x x x x
7 mg/L x
10 mg/L x
Nitrification Study from 04/05/2003 to 07/04/2003
Cycle 3
Cycle 4
Cycle 1
Cycle 2
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Table 3.8 Analytical Plan for Process Water in Phase VI 
Process Waters:  G1-Free, S1-Free, RO-Free, G1-Comb, S1-Comb, RO-Comb
Parameters Ports SP# 04/11/03 04/18/03 04/25/03 05/02/03 05/09/03 05/16/03 05/23/03 05/30/03 06/06/03 06/13/03 06/20/03 06/27/03
week 1 week 2 week 3 week 4 week 5 week 6 week 7 week 8 week 9 week 10 week 11 week 12
Field Temperature x x x x x x x x x x x x
pH x x x x x x x x x x x x
Total Cl2 x x x x x x x x x x x x
Free Cl2 x x x x x x x x x x x x
DO x x x x x x x x x x x x
NH3-N x x x x x x x x x x x x
NO2-N
NO3-N
Alkalinity x x x x x x x x x x x x
UV-254 x x x x x x x x x x x x
Apparent Color x x x x x x x x x x x x
Conductivity x x x x x x x x x x x x
Turbidity x x x x x x x x x x x x
Chloride x x x x x x x x x x x x
Calcium x x x x x x x x x x x x
Total Hardness x x x x x x x x x x x x
Iron x x x x x x x x x x x x
pHs x x x x x x x x x x x x
Sulfate x x x x x x x x x x x x
Laboratory TKN x x x
Total P x x x
NPDOC x x x
Ca x x x x x x x x x x x x
Mg x x x x x x x x x x x x
Cu
Pb
Sodium x x x x x x x x x x x x
Chloride x x x x x x x x x x x x
Sulfate x x x x x x x x x x x x
True Color x x x x x x x x x x x x
Fe(Total) x x x x x x x x x x x x
Fe(dissolved) x x x x x x x x x x x x
Br x x x x x x x x x x x x
THMs
HAAs
Start P VI-04/09/03 Period 1-4 wk Period 2-4 wk Period 3-4wk
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Table 3.9 Analytical Plan for PDSs 11-14 in Phase VI 
Influent, Cradles, Effluent
PDS 11-14 sampling begins at Cycle 1
Start 4/5/03
Parameters Poss Ports 4/11/2003 4/18/2003 4/25/2003 5/2/2003 5/9/2003 5/16/2003 5/23/2003 5/30/2003 6/6/2003 6/13/2002 6/20/2003 6/27/2003 7/4/2003
week 1 week 2 week 3 week 1 week 2 week 3 week 1 week 2 week 3 Week 4 week 1 week 2 week 3
Field Temperature 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3
pH 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3
Total Cl2 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3
Free Cl2 0, 1, 3
DO 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3
NH3-N 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3
NO2-N 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3
NO3-N 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3
Alkalinity 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3
UV-254 0, 1, 3
Apparent Color 0, 1, 3 0, 1 0, 1 0, 1 0, 1 0, 1 0, 1 0, 1 0, 1 0, 1 0, 1 0, 1 0, 1 0, 1
Conductivity 0, 1, 3 0, 1 0, 1 0, 1 0, 1 0, 1 0, 1 0, 1 0, 1 0, 1 0, 1 0, 1 0, 1 0, 1
Turbidity 0, 1, 3 0, 1 0, 1 0, 1 0, 1 0, 1 0, 1 0, 1 0, 1 0, 1 0, 1 0, 1 0, 1 0, 1
Laboratory TKN 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3
NPDOC 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3
Ca 0, 1, 3 0, 1 0, 1 0, 1 0, 1 0, 1 0, 1 0, 1 0, 1 0, 1 0, 1 0, 1 0, 1 0, 1
Mg 0, 1, 3 0, 1 0, 1 0, 1 0, 1 0, 1 0, 1 0, 1 0, 1 0, 1 0, 1 0, 1 0, 1 0, 1
Cu 2
Pb 2
Fe(Total) 0, 1, 3 0, 1 0, 1 0, 1 0, 1
Fe(dissolved) 0, 1, 3 0, 1 0, 1 0, 1 0, 1
Si 0-1-3
Na 0-1-3
Cl 0-1-3
SO4 0-1-3
Br 0-1
THMs 0-1
HAAs 0-1
Biological HPC 0-1-3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3
AOC 0-1-3 0, 1,3* 0, 1 0, 1,3* 0, 1
AOB 0-1-3 0, 1,3* 1 0, 1,3* 1
TC/EC 0-1-3 1 1 1 1
Mycobacterium 0-1-3 0,1 0,1
Legionella 0-1-3 0,1 0,1
Acid Fast Bacterium 0-1-3 0,1 0,1
Aerobic Spores 0-1-3 0,1 0,1
Biofilm-Pepa 3 3 3 3 3
Biofilm-AOB 3 3 3 3 3
Biofilm-HPC 3 3 3 3 3
Cycle 1-Ports Sampled Cycle 2-Ports Sampled Cycle 4-Ports SampledCycle 3-Ports Sampled
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Table 3.10 Analytical Plan for PDSs 9, 10, 15-18 in Phase VI 
Influent, Cradles, Effluent
PDS 9, 10, 15-18 sampling begins May 8th(Bio)/9th(WQ) (1 week after thiosulfate addition stopped on May 2nd)
Start 4/5/03
Parameters Poss Ports 4/11/2003 4/18/2003 4/25/2003 5/2/2003 5/9/2003 5/16/2003 5/23/2003 5/30/2003 6/6/2003 6/13/2003 6/20/2003 6/27/2003 7/4/2003
Week 1 Week 2 Week 3 Week 4 week 1 week 2 week 3 week 1 week 2 week 3 week 1 week 2 week 3
Field Temperature 0, 1, 3 1 1 1 1 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3
pH 0, 1, 3 1 1 1 1 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3
Total Cl2 0, 1, 3 1 1 1 1 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3
Free Cl2 0, 1, 3
DO 0, 1, 3 1 1 1 1 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3
NH3-N 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3
NO2-N 0, 1, 3 1 1 1 1 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3
NO3-N 0, 1, 3 1 1 1 1 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3
Alkalinity 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3
UV-254 0, 1, 3
Apparent Color 0, 1, 3 0, 1 0, 1 0, 1 0, 1 0, 1 0, 1 0, 1 0, 1 0, 1
Conductivity 0, 1, 3 0, 1 0, 1 0, 1 0, 1 0, 1 0, 1 0, 1 0, 1 0, 1
Turbidity 0, 1, 3 0, 1 0, 1 0, 1 0, 1 0, 1 0, 1 0, 1 0, 1 0, 1
Laboratory TKN 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3
NPDOC 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3
Ca 0, 1, 3 0, 1 0, 1 0, 1 0, 1 0, 1 0, 1 0, 1 0, 1 0, 1
Mg 0, 1, 3 0, 1 0, 1 0, 1 0, 1 0, 1 0, 1 0, 1 0, 1 0, 1
Cu 2
Pb 2
Fe(Total) 0, 1, 3 0, 1 0, 1 0, 1 0, 1
Fe(dissolved) 0, 1, 3 0, 1 0, 1 0, 1 0, 1
Si 0-1-3
Na 0-1-3
Cl 0-1-3
SO4 0-1-3
Br 0-1
THMs 0-1
HAAs 0-1
Biological HPC 0-1-3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3 0, 1, 3
AOC 0-1-3 0, 1 0, 1 0, 1,3* 0, 1,3* 0, 1
AOB 0-1-3 1 1 0, 1,3* 0, 1,3* 1
TC/EC 0-1-3 1 1 1 1 1
Mycobacterium 0-1-3 0,1
Legionella 0-1-3 0,1
Acid Fast Bacterium 0-1-3 0,1
Aerobic Spores 0-1-3 0,1
Biofilm-Pepa 3 3 3 3
Biofilm-AOB 3 3 3 3
Biofilm-HPC 3 3 3 3
Cycle 3-Ports Sampled Cycle 4-Ports SampledCycle 2-Ports SampledCycle 1-4 wk
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Table 3.11 Internal Ports Sampling Plan in P VI 
PDS Sampling Dates Sampling Ports Parameters 
11 5/9/03, 5/30/03, 6/20/03, 7/03/03 0, 4, 5, 6, 7, 1 
12 5/9/03, 5/30/03, 6/20/03, 7/03/03 0, 4, 5, 6, 7, 1 
13 5/9/03, 5/30/03, 6/20/03, 7/03/03 0, 4, 5, 6, 7, 1 
14 5/9/03, 5/30/03, 6/20/03, 7/03/03 0, 4, 5, 6, 7, 1 
15 5/16/03, 6/13/03, 6/26/03 0, 4, 6, 8, 9, 1 
16 5/16/03, 6/13/03, 6/26/03 0, 4, 5, 6, 7, 1 
17 5/16/03, 6/13/03, 6/26/03 0, 4, 5, 6, 7, 1 
18 5/16/03, 6/13/03, 6/26/03 0, 4, 6, 8, 9, 1 
Ammonia, 
Nitrate, 
Nitrite, 
Residual, 
DO, 
Temperature, 
pH, 
Alkalinity 
 
 
3.5 Residual Quenching 
This is a protocol for quenching the chlorine residual in PDS 11-14 in Phase V and PDS 
9, 10, 15-18 in Phase VI at the TBW field site.  The pumping rate of the feed stream with 4 mg/L 
NH2Cl residual is 116 mL/min.  This residual must be quenched to enable nitrifiers to grow and 
enable the nitrification experiments to take place. 
It is assumed that thiosulfate is available as the pentahydrate.  Calculations for anhydrous 
thiosulfate must be adjusted for the absence of water.  Specifically, the formula weight for the 
pentahydrate is 248.  The formula weight for the anhydrous form is 158.  The corresponding 
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quantities of chemical for the anhydrous form are obtained by multiplication of the pentahydrate 
quantity by 0.637 (=158/248). 
3.5.1 Chemical Reactions and Dose 
The basic reaction for quenching NH2Cl with sodium thiosulfate, Na2S2O3·5H2O is 
presented in Equation ( 3.1): 
OHNaOSNaOHClNH
OHOHOSNaClNH
2643
223222
52
52
2 +++++
→+⋅+
+−−  ( 3.1)
 
The above equation shows that 2 moles of Na2S2O3 are required to quench 1 mole of 
NH2Cl. 
3.5.2 Calculations 
The grams/wk of Na2S2O3·5H2O to quench 4 mg/L NH2Cl for the 4 PDSs are calculated 
in Equation (3.2): 
wk
HOSNagm
PDS
mg
gm
wkmmol
HOSNamg
ClmmolNH
HOSmmolNa
Clmg
mmol
ml
L
PDS
mlCl
L
mg
05131
4
1000
min1008005248
1
052
711000min
1164
2322
2322
2
2322
2
2
•−=
•−
•
−−
 (3.2)
 
The grams/wk of Na2S2O3·5H2O to provide a 2 mg/L excess are shown in the following 
calculation of Equation (3.3).  This excess will consume oxygen and will be not become a 
residual, nor will it make the system anaerobic. 
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wk
HOSNagmPDS
mg
gm
wk
ml
L
PDS
ml
L
HOSNamg
0594
1000
min10080
1000min
116052
2322
2322
•−=
−
•−
 (3.3)
 
The quantity of Na2S2O3·5H2O to add to a 55 gallon stock tank on a weekly basis is 
shown in the following calculations of Equation (3.4).  These calculations assume that 55 gallons 
are made up weekly and 50 gallons are pumped weekly.  The remaining five gallons are washed 
out of the stock tank when the stock solution is replenished weekly. 
wk
HOSNagm
gal
gal
wk
HOSNagm
05154
50
5505140
2322
2322
•−=
•−
 (3.4)
 
Hence, 154 gms of Na2S2O3·5H2O is added to a 55 gallon stock tank weekly until 
nitrification is achieved. 
The thiosulfate pumps per PDS are shown in Equation (3.5). 
min
mls65.4
PDS4
1
min10080
wk
gal
ml3750gal50 =  (3.5)
 
The calculated feed rate is 4.65 ml/min for each PDS from the thiosulfate feed tank.  This 
rate should be maintained and the feed rate should never exceed 5 mls/min based on these 
calculations as anaerobic conditions could be produced in PDS 11-14, which would defeat the 
purpose of the nitrification experiments. 
 68
3.5.3 Thiosulfate Preparation 
1. The stock solution will be made weekly, preferably on Friday.   
2. The 55 gallon stock tank will be thoroughly cleaned before the stock solution is made. 
3. The sodium thiosulfate will be weighed accurately to the nearest gram. 
4. Dilution water will be taken from the RO pilot without residual if possible.  If not, 
dilution water will be taken from the RO pilot feed pipe with residual.  If a 4 mg/L NH2Cl as 
Cl2 residual is present, then 6 grams (=4 mg Cl2/L x 55 gal x 3.785 L/gal x 7 mg 
thiosulfate/mg Cl2/1000 mg/g) of sodium thiosulfate will be added to eliminate the residual 
in the make up water. 
5. The thiosulfate residual will be tested using a potassium dichromate or some other 
primary standard.  The thiosulfate residual should be 0.7 mg/L as sodium thiosulfate. 
5.1. If no means of testing the thiosulfate residual is available, then the thiosulfate 
solution should be titrated in the field lab against the PDS chloramine residual.  One 
should be adequate as the residual is similar in all PDSs. 
5.2. The D.O. and well as the residual should be measured during the thiosulfate check 
of the thiosulfate strength.  Note, it is important that the system D.O. is never quenched, 
but that all of the chloramine residual is quenched. 
6. Enter the thiosulfate preparation information in the process log book. 
3.5.4 PDS Feed Water Chloramine Destruction 
1. Following the check of the thiosulfate solution, the thiosulfate feed pumps to PDS 11-14 
can be activated to 4.65 mls/min or the desired feed rate based on field laboratory 
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calculations and field titrations.  Note if the feed rate is either too high or too low, the 
nitrification experiments will be lost.  The feed rate must be in the appropriate range. 
2. Once thiosulfate feed to the PDS standpipes has commenced, samples must be taken from 
the standpipe to insure the chloramine residual is gone and D.O. is still present.  These 
samples must be taken twice daily, once in the AM and once in the PM. 
3. Enter the water quality monitoring information in the PDS log book. 
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CHAPTER 4 DISTRIBUTION SYSTEM WATER QUALITY PROFILES 
DURING NITRIFICATION 
System variations of nitrates, nitrites, D.O., pH, alkalinity, temperature, HPCs and 
chloramine residuals are discussed as a function of hydraulic residence time in pilot distribution 
systems made of galvanized steel and unlined cast iron pipe in reference to theoretical 
biochemical nitrification reactions.  Nitrites and nitrates increased initially with time after the 
chloramine residual was lost in the distribution system but decreased with time if denitrification 
began.  Ammonia also increased and decreased with residence time in a parabolic fashion 
dependent on the rate of chloramine decomposition and nitrifier uptake.  Dissolved oxygen 
decreased with residence time until anaerobic conditions developed due to biological uptake and 
was a limiting factor for nitrifier growth.  Distribution system pH decreased due to proton 
generation from biological growth. No significant alkalinity variation was observed in the 
distribution system during nitrification. 
4.1 Introduction 
This research was conducted by the University of Central Florida in a tailored 
collaboration project support by the AWWA Research Foundation and Tampa Bay Water 
(Taylor et al, 2001).  An 8500 ft2 field facility was built to conduct this work consisted of seven 
different pilot plants and eighteen pilot distribution systems (PDS) made of pipe taken from 
actual distribution systems.  Finished ground, surface and desalinated waters were produced and 
blended in various ratios to determine the effects of varying finished water quality on distribution 
system water quality.  This paper presents the variations in water quality parameters that were 
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interrelated in a nitrification episode that occurred during the 1.5 years of data collection. 
Chloramines were used to meet CT and residual requirements (Taylor et al, 2001). 
4.2 Applied Literature 
Chloramination has been implemented by many utilities in the United States, since 
chloramines are less reactive (Wolfe et al, 1985) than free chlorine and produce less disinfection 
by-products (DBPs), such as trihalomethanes (THMs) and haloacetic acids (HAAs) (Brodtmann, 
1979; Leung, 1994; Thomas, 1987; Taylor, 1986). 
The EPA accepted chloramines as a secondary disinfectant in 1978, and as a primary 
disinfectant in 1983 (White, 1999).  However a longer contact time is required to obtain similar 
disinfection levels with chloramines as compared to free chlorine and chloramines are typically 
not accepted as a primary disinfection unless a free chlorine contact time is utilized.  Nitrification 
has been reported in systems using monochloramine (Barrios, 1989; Wolfe, 1988 and 1990; 
Cunliffe, 1991; Lieu 1993) and was observed with blending of different source waters in the 
Metropolitan Water District (Los Angeles, California), in reservoirs (White, 1999).  A Survey 
(Wilczak, 1996, Odell, 1996) revealed that 63% of the utilities using chloramines have 
experienced nitrification.  An analytical survey of five chloraminated distribution systems in 
South Australia showed 64% of samples testing positive for nitrifying bacteria (Cunliffe, 1991, 
Regan, 2002). 
Nitrification has been observed at high chloramines concentrations (3-6 mg/L) in the 
distribution system.  High chloramine residuals in the distribution system do not always prevent 
nitrification (Wilczak et. al, 1996). 
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Nitrification is a two-step biochemical process in which ammonia is oxidized to nitrite, 
and then nitrite is oxidized to nitrate. Two groups of chemoautotrophic bacteria, ammonia-
oxidizing-bacteria (AOB) and nitrite-oxidizing bacteria (NOB)utilize ammonia and nitrite 
respectively as their energy source (Lieu, 1993). The major AOB species are considered to be 
Nitrosomonas, Nitrosolobus, Nitrosococcus, Nitrosospira, and Nitrosovibrio, though the 
existence of these organisms has been the subject of some controversy. The major NOB species 
are Nitrobacter (Wolfe, 1988). 
Nitrosomonas spp oxidize ammonia to nitrite, while Nitrobacter spp convert nitrite to 
nitrate.  Both species utilize energy released by the associated reactions.  These reactions are 
complicated, but are summarized as: 
For AOB nitrification: 
OHHNOONH 2224 6
1
3
1
6
1
4
1
6
1 ++→+ +−+  (4.1)
 
For NOB nitrification: 
−− →+ 322 2
1
4
1
2
1 NOONO  (4.2)
Furthermore, nitrite, the product from the growth of AOB, in turn rapidly reduces free 
chlorine (Rittman, 1984), and accelerates the decomposition of chloramines (Valentine, 1984). 
The reactions are shown as (Chen, 2001): 
+−−− ++→+ HClNONOHOCl 32  (4.3)
 
−+−− ++→++ ClNHNOOHNOClNH 43222 (4.4)
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The chlorine to ammonia-nitrogen ratio was seen as a means of controlling nitrification in 
a chloraminated system.  Utilities using chloramination have reported chlorine to ammonia-
nitrogen ratios from 3/1 to 6/1.  The most common chlorine to ammonia-nitrogen ratio may be 
5/1, which minimizes chloramine destruction and formation of halogenated DBPs.  However 
even with a 5:1 ratio a small amount of free ammonia is always present in chloraminated systems 
(McGuire et al., 1999).  As shown in Equation (4.1), ammonia is a principal reactant for 
nitrification.  Nitrification could occur in the laboratory even at trace concentrations of ammonia 
(50ug/L) (Kirmeyer, 1995; Wilczak, 1996). The reaction of nitrite with chloramine results in the 
release of more ammonia, and thus increases nitrification, and subsequently more chloramine 
consumption in an escalating series of biochemical reactions.  If unchecked, excessive 
heterotrophic regrowth will result in the distribution system.  Nitrification in the distribution 
system can have a number of adverse effects, including decrease in chloramines residual 
(Valentine, 1984), increase in nitrite and nitrate concentration, and decrease in alkalinity, pH, 
and DO concentration (Wilczak, 1996). 
Although the applied literature review has demonstrated nitrification can have 
undesirable effects in a distribution system, the effects of nitrification have to be judged as other 
violations of water quality regulations are judged.  There are few if any reported instances of 
violation of the 10 mg/L NO3-N regulation.  If controlled and an acceptable residual is 
maintained, some nitrification is acceptable by regulation in drinking water distribution systems.  
Understanding system variations during nitrification is essential to proactively controlling 
nitrification in distribution systems. 
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4.3 Pilot Plant Design and Operation 
Waters were produced from seven different treatment systems, which were aeration of 
groundwater (G1), softening of ground (G2) and blends (G3), surface water CSF-O3-GAC (S1), 
IMS (CSF-NF, or S2), high pressure RO of ground water, and nanofiltration of water blends 
(G4).  The finished waters were blended and distributed to 18 different pilot distribution systems 
(PDS). The RO source was augmented with salts to mimic seawater. A brief description of the 
pilot water treatment processes including stabilization and disinfection is presented in Table 4.1 
with an abbreviated identification (Taylor, 2001). The pilot process water tanks are shown in 
Figure 4.1 (left). 
 
Table 4.1  Pilot Unit Description 
Identification Source Water Treatment Processes 
G1 Groundwater Aeration, Disinfection, pH stabilization 
G2 Groundwater Softening, Sedimentation, Filtration, Disinfection, 
pH stabilization 
G3 Groundwater, RO 
and S1 Blends 
Softening, Sedimentation, Filtration and 
Disinfection, pH stabilization 
G4 Groundwater, RO and S1 Blends Nano-filtration, Disinfection, pH stabilization 
S1 Surface Water Coagulation, Flocculation, Sedimentation, Ozone, GAC, Filtration, Disinfection, pH stabilization 
S2 Surface Water Coagulation, Flocculation, Sedimentation, Nano-filtration, Disinfection, pH stabilization 
RO Groundwater 5 µm cartridge pre-filtration, RO, Disinfection, pH stabilization 
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Figure 4.1 Process Water Tanks (Left) and Pilot Distribution Systems (Right) 
 
There were 18 pilot distribution systems as shown in Figure 4.1 (right). The PDSs 
consisted of PVC, galvanized (G), lined ductile iron (LCI) and unlined cast iron (UCI) pipes 
taken from existing distribution systems. The PVC, LCI, CI and G pipe diameters were 6”, 6”, 6” 
and 2” respectively.  Fourteen of the PDSs were hybrid PDSs, consisted PVC, LCI, UCI, and G 
pipes in that order, and four other PDSs were pure material PDSs from the four materials. The 
pilot distribution systems were designed with a 5-day HRT. A five distribution system pipe 
volume was used for flushing, which controlled the minimum flow and capacity of the pilot 
system water treatment processes.  The periodic flush reduced biofilm accumulation by 
simulating velocity in a full-scale distribution system. 
Water quality data was collected over four 3-month phases during the first year of 
operation. Phase I was from 12/06/2001 to 3/14/2002, phase II from 3/15/2002 to 6/13/2002, 
phase III from 6/14/2002 to 9/12/2002, and Phase IV from 9/13/2002 to 12/14/2002. Nitrification 
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occurred in phase III.  As a reactive measure to control nitrification in phase III, the PDS HRT 
was reduced from five to two days to 2-day at the end of Phase III. 
4.4 Results and Discussion 
4.4.1 Nitrification 
As has been noted, there were totally 18 PDSs, 14 hybrids, and 4 pure materials. The 
water quality trend in the 14 hybrid PDSs was similar for the parameters associated with 
nitrification.  PDS 11 was a typical hybrid PDS that experienced nitrification and is used to 
illustrate the variation of related water quality parameters during nitrification. The single 
material PDSs made of UCI (PDS15), and G (PDS 18) were also selected for discussion because 
they exerted the greatest chloramine demand and underwent significant nitrification. 
The effluent chlorine residual and temperature of PDS 11, 15, and 18 are shown in Figure 
4.2, Figure 4.3, and Figure 4.4 during the year of operation. 
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Figure 4.2 Average Hybrid (PDS 11) Distribution System Water Quality over One Year 
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Figure 4.3 Average Unlined Cast Iron (PDS 15) Distribution System Water Quality over 
One Year 
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Figure 4.4 Average Galvanized Steel (PDS 18) Distribution System Water Quality over One 
Year 
 
The PDS feed stream chloramine concentration was 4.0 to 4.5 mg/L as Cl2.  The 
temperature range during phase I and phase II was 10 to 25 oC.  Temperature increased above 
25oC during phase III, which accelerated the depletion of chloramines.  The chloramine 
concentration in PDS 11 was always above 1 mg/L until the mid phase II.  As shown in Figure 
4.2, Figure 4.3, and Figure 4.4, chloramine residual decreases rapidly when temperature 
increased at that point.  Effluent residual was lost in these PDSs after mid phase II, although 
influent chloramine concentrations were above 4.0 mg/L. Starting at phase III, all the finished 
water chlorine residuals were increased to more than 4.5 mg/L as Cl2, but that was inadequate to 
produce any effluent residual in PDS 11, 15 or 18. At the end of phase III, the PDS HRT was 
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reduced from five to two days, which produced effluent residuals in PDS 11 and 15. The residual 
variation was similar in the remaining hybrid PDSs. 
The pure material PDSs PDS 15 and PDS 18 had much higher chlorine demand due to 
oxidation reactions of chloramines and the unlined metal surfaces, hence the effluent chlorine 
residuals were lost much faster than in the hybrid and other pure material PDSs. The residual in 
the effluent from the UCI PDS (PDS 15) was 0.5 mg/L during phase I and essentially zero after 
phase I, even when the influent residual was increased to 4.5 mg/L during phase III.  The 
residual in PDS 15 (UCI PDS) was slightly higher than the residual in PDS 18 (G PDS), however 
residual maintenance in either PDS was very difficult and illustrated one reason why UCI and G 
are undesirable pipe materials for distribution system use. 
4.4.2 Nitrogen Profiles 
As has been mentioned, at the start of phase III, influent PDS chloramine residuals were 
increased to more than 4.5 mg/L as Cl2, but nitrification was not detectably reduced.  The PDS 
HRT was reduced from  five to two days at the end of Phase III.  Nitrification was reduced but 
not eliminated.  Water quality monitoring was initiated during phase IV on samples collected at 
approximately 0, 15, 30, 42 and 48 hours in selected PDSs.  Chlorine residual, ammonia 
nitrogen, nitrite nitrogen, nitrate nitrogen, dissolved oxygen (DO), pH, and alkalinity were 
measured in these samples.  The reported nitrate concentration included the actual nitrite and 
nitrate concentrations.  Nitrogen profiles on PDSs 11, 15, and 18 are shown in Figure 4.5, Figure 
4.6, and Figure 4.7. 
Chloramine residual decreased with time in PDS 11, 15 and 18.  Chlorine demand is not 
only due to nitrification reactions but comes from reactions with organic matter, microorganisms, 
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pipe materials, corrosion products, and other materials (Rittman, 1999).  As shown in Figure 4.5, 
the rapid loss of chloramine residual in PDS 11 did not occur until after 17 hours.  However, a 
rapid loss of chloramine residual was immediate in PDS 15 and 18.  The chemical and 
biochemical reactions in the unlined PDSs were greater than in the hybrid PDS due to the 
presence of inert pipe and the rapid loss of residual was delayed. 
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Figure 4.5 Water Quality Profiles for a Hybrid (PDS 11) Distribution System during 
Biochemcial Nitrification on 10/25/02 
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Figure 4.6 Water Quality Profiles for an Unlined Cast Iron (PDS 15) Distribution System 
during Biochemcial Nitrification  on 10/25/02 
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Figure 4.7 Water Quality Profiles for a Galvanized Steel (PDS 18)  Distribution System 
during Biochemcial Nitrification on 10/25/02 
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The influent ammonia-N concentrations of the PDSs were typically less than 0.3 mg/L as 
N.  Ammonia-N increased initially with time in all the PDSs due to chloramine decomposition.  
However as shown in Figure 4.6, ammonia-N decreased, nitrites and nitrates increased with time 
due to biological nitrification.  Although DO decreased in both PDS 11 and 15 as shown in 
Figure 4.5 and Figure 4.6, aerobic conditions were maintained.  The loss of residual was so rapid 
in PDS 18 that other microorganisms proliferated and the nitrifiers lost the competition for DO.  
Consequently, there is less nitrification in PDS 18 than in PDS 15.  The nitrification reduction in 
PDS 11 relative to PDS 15 is due to the maintenance of a stronger residual.   The biochemical 
nitrification process is shown to be very sensitive.  Too strong a residual significantly retarded 
biochemical nitrification, too rapid a loss of chloramine residual produced an environmental 
where nitrifiers could not successfully compete.  The variation of ammonia-N is clearly observed 
in Figure 4.5, Figure 4.6, and Figure 4.7. 
For pure material PDSs (PDS 15 and 18), there was a peak for the ammonia-N curve. 
Prior to the peak, ammonia release exceeded nitrifier ammonia consumption as shown by nitrite 
and nitrate production.  After the peak, ammonia consumption exceeded ammonia release.  
Nitrification in the hybrid PDS 11 suggests that nitrification would be severely retarded in any 
inert distribution system pipe such as PVC or lined concrete. 
4.4.3 DO, pH and Alkalinity Profiles 
As shown previously, DO, pH and carbonate alkalinity should vary stoichiometrically 
during biochemical nitrification. DO decreases in PDS 11, 15 and 18 with time as in Figure 4.5, 
Figure 4.6, and Figure 4.7.  As noted, the DO variation is not only due to biochemical 
nitrification.  DO decreased through PDS 11, PDS 15 and PDS 18  from 8.5 to 7 mg/L after 48 
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hours,  from 7.5 mg/L to 3.5 mg/L after 48 hours, and from 8 mg/L to zero after 35 hours 
respectively.  DO is required for nitrifier growth and biochemical nitrification.  DO in PDS 18 
was consumed very fast due to demands other than associated with nitrification. As noted, 
nitrifiers did not successfully compete for dissolved oxygen in the PDS 18 environment, but 
were very successful in the PDS 15 environment.  Because of the PVC and lined pipe in the 
hybrid PDS 11, residual was maintained and there was little DO consumption.  Odell (1996) 
stated that biochemical nitrification of 1 mg/L of ammonia, 3 to 4 mg/L of DO would be 
consumed. Utilities that maintain low distribution system DO and high residuals create an 
undesirable environment for nitrification.  However, no utility should risk creating a potential for 
anaerobic conditions in the distribution system to control nitrification by limiting DO.  The 
results clearly show that DO is correlated to biochemical nitrification but can not be used as a 
sole indicator for nitrification.  
Alkalinity consumption in the bulk water was not observed as shown in Figure 4.8.  
Theoretically, alkalinity should be stoichiometrically consumed during biochemical nitrification.  
The alkalinity source could have been solid calcium carbonate that was in the aged pipes before 
PDS assembly as there has to be a carbon source for biochemical nitrification, which has been 
noted in the literature (Odell, 1996). 
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Figure 4.8 Alkalinity and Associated Water Quality Profiles for an Unlined Cast Iron (PDS 
15) Distribution System during Biochemcial Nitrification 
 
During biochemical nitrification, protons will be generated, and pH will decrease, which 
was observed in the PDSs and is illustrated in Figure 4.9 for PDS 15.  Consequently pH 
decreased, nitrates and nitrites increased, DO increased and ammonia-N first increased and then 
decreased with increasing residence time for the biochemical nitrification of ammonia-N from a 
chloramine residual in PDS 15. 
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Figure 4.9 pH and Associated Water Quality Profiles for an Unlined Cast Iron (PDS 15) 
Distribution System during Biochemcial Nitrification 
 
4.4.4 Nitrogen Balance 
The nitrogen balances on selected PDS 1 to 5 are shown in Table 4.2.  Total nitrogen was 
calculated by adding NH4-N, NO3-N and monochloramines-N.  Monochloramines-N was 
calculated by dividing total monochloramine concentration by 5.  Nitrate-N included NO3-N and 
NO2-N.  As shown by comparison of the influent and effluent columns in Table 4.2, the 
difference between the influent and effluent total N was typically less than 15 %. 
The influent and effluent nitrogen species were in good balance. The nitrogen balance 
error can be caused by (1) Analytical error for single parameter (2) Error built up, due to 
summing of the parameters (3) Water quality dynamic variation in the PDS (4) Biological 
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conversion of soluble nitrogen to organic nitrogen. The majority of the nitrogen balance data 
were within 15% error. 
 
Table 4.2 PDS 1-5 Influent and Effluent Nitrogen Balance 
Date 9/26/2002 10/10/2002 
Sampling Port Influent Effluent Influent Effluent 
PDS 1 1.2 1.2 1.2 1.0 
PDS 2 1.1 1.5 1.0 1.0 
PDS 3 1.3 1.3 1.1 0.8 
PDS 4 1.2 1.2 1.2 1.0 
PDS 5 1.0 1.1 1.0 0.9 
 
 
The total nitrogen balance for samples taken from the internal ports in PDS 5 is shown in 
Table 4.3. As shown by comparison of the internal port N balance by date in Table 4.3, the 
difference between the total N for the internal ports was also typically less than 15 %. 
 
Table 4.3 Internal Nitrogen Balance of PDS 5 
Date 10/10/2002 10/25/2002 11/8/2002 11/22/2002 
Feed 1.0 1.3 1.2 1.2 
Port 4 0.9 1.3 1.3 1.3 
Port 5 0.9 1.3 1.3 1.1 
Port 6 0.7 1.2 1.3 1.1 
Port 7 0.8 1.3 1.3 1.1 
Effluent 0.9 1.2 1.3 1.1 
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4.5 Denitrification 
Nitrification was induced in Phase VI in PDS 15.   The PDS 15 water quality profiles for 
NH2Cl-N, NO3-N, NO2-N, NH4-N and DO versus residence time are shown in Figure 4.10.  The 
internal port samples were taken nearly simultaneously for these water quality profiles and 
would not exactly represent the same increment of water passing through the PDS, which may 
account for slight variations in water quality profiles.  Noting 4 mg/L NH2Cl as Cl2 corresponds 
to 0.8 mg/L NH3-N, NH2Cl-N is seen to decrease from 0.55 mg/L to zero in 20 hours.  
Consequently, 2.75 mg/L NH2Cl-N was in the PDS influent with nearly additional 1 mg/L NH3-
N.  The residual was lowered and excess NH4-N was added in the PDS 15 influent to induce 
biochemical nitrification.  NO3-N and NO2-N increase to 20 hours and then decrease.  
Biochemical nitrification occurred during the first 20 hours in PDS 15 and then denitrification 
occurred.  The nitrogen profile in PDS 15 showed that denitrification occurred.  Near anaerobic 
conditions were observed after 32 hours which created an environment conducive to biochemical 
denitrification. 
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Figure 4.10 Denitrification in PDS 15 during Phase VI 
 
As shown in Figure 4.7, other microorganisms consumed DO and created an environment 
where nitrifiers could not successfully compete.  Anaerobic conditions developed and effectively 
prohibited biochemical nitrification.  In the controlled denitrification experiment, an anaerobic 
condition occurred after nitrification, which demonstrates the complexity of biochemical reaction 
and indicates nitrifiers competed successfully for 32 hours in this environment.  Nitrites and 
nitrates were eventually reduced by denitrifiers after 32 hours.  In either case, biochemical 
nitrification corresponded to decreasing chloramine residual, initially increasing nitrates and 
nitrites, DO consumption and an eventual consumption of nitrite and nitrate in an anaerobic 
environment. 
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4.6 Summary and Conclusions 
• Biochemical nitrification is a complex microbiological process.  The variation of nitrites, 
nitrates, pH, DO and ammonia-N varied in a systematic manner with residence time in 
the pilot distribution systems. 
• Utilities can best control nitrification when using chloramination by: 
o Maintaining a strong residual throughout the distribution system 
o Timely flushing of long residence time locations and reaches of unlined metallic 
pipe in the distribution system for long residence time locations and reaches of 
unlined metallic pipe in the distribution system 
o Monitoring nitrogen species throughout the distribution system in long residence 
time locations and reaches of unlined metallic pipe in the distribution system. 
o Removing or limiting the use of unlined metallic pipe in the distribution system 
• Maintaining a 5/1 chlorine to ammonia ratio when producing chloramines and limiting 
free ammonia as much as practically possible. 
• Biochemical nitrification was associated with loss of residual, pH and initially increasing 
ammonia-N. 
• Although ammonia-N could come from any ammonia source, ammonia N to support 
biochemical nitrification came from free ammonia-N and chloramine-N associated with 
the production of chloramines.   
• Ammonia reached a peak concentration and then decreased.  Ammonia increased and 
decreased depending on when the rate of ammonia consumption was more or less than 
the rate of ammonia production from chloramine decomposition.   
 90
• Biochemical nitrification is associated with a loss of residual, which occurred at 
temperatures common to spring and summer.   
• Distribution system residence time is a primary control variable for biochemical 
nitrification.  Reducing distribution system residence time to maintain a strong residual 
will reduce biochemical nitrification.  
• Dissolved oxygen can be a limiting factor for nitrifier growth. However utilities should 
not limit DO if there is a significant chance of developing anaerobic conditions in the 
distribution. 
• No significant alkalinity variation was observed in the pilot distribution systems during 
biochemical nitrification.  
• Influent and effluent PDS total nitrogen species balances were typically within 15 %. 
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CHAPTER 5 NITRIFICATION MODELING IN CHLORAMINATED 
DISTRIBUTION SYSTEMS 
This paper describes a kinetic model for nitrification in a drinking water distribution 
system.  Using Monod kinetics, a steady state plug-flow kinetics model was developed to 
describe the variations of ammonia, nitrite and nitrate-N concentrations in a chloraminated 
distribution system.  Active AOB and NOB biomass in the distribution system was determined 
using predictive equations within the model.  The kinetic model used numerical analysis and was 
solved by C language to predict ammonia, nitrite, nitrate variation. 
5.1 Introduction 
Biochemical nitrification probably exists to some degree in every distribution system 
using chloramines.  Although violations of the nitrate-N regulation is rarely if ever heard of in 
drinking water distribution systems, modeling biochemical nitrification is beneficial for 
proactive control of distribution system water quality.  Chloramination has been implemented by 
many utilities in the United States, for residual and disinfection by-product (DBP) control (Wolfe 
et al, 1985, LeChevallier, 1990, Ollos, 1998, Jegatheesan, 2000; AWWA & AWWARF, 1990, 
Brodtmann, 1979; Mitcham, 1983; Hack, 1984; Valentine, 1986; Lykins, 1994; Leung, 1994; 
Thomas, 1987; Taylor, 1986). 
The EPA accepted monochloramine as a secondary disinfectant in 1978, and as a primary 
disinfectant in 1983 (White, 1999).  Nitrification has been reported in some systems using 
monochloramine (Barrios, 1989; Wolfe, 1988 and 1990; Cunliffe, 1991; Lieu 1993) and was also 
observed with blending of different source waters in reservoirs. Sixty-three percent of these 
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utilities experienced nitrification (Wilczak, 1996, Odell, 1996).  One analytical survey of five 
chloraminated distribution systems in South Australia showed that sixty four percent of 
distribution system samples tested positive for nitrifying bacteria (Cunliffe, 1991, Regan, 2002).  
A high chloramines residual in treatment plant effluent may not prevent nitrification (Wilczak et. 
al 1996).  Nitrification has been shown to occur at monochloramine concentrations of more than 
5.0 mg/L (Cunliffe 1991).  Biochemical nitrification has been observed in a drinking water 
distribution system at high chloramines concentrations (3-6 mg/L) in finished water, (Wilczak et. 
al 1996). 
Nitrification of ammonia is a two-step biochemical process in which ammonia is oxidized 
to nitrite, and then nitrite is further oxidized to nitrate.  Two groups of chemoautotrophic 
bacteria, namely ammonia-oxidizing-bacteria (AOB) and nitrite-oxidizing bacteria (NOB) are 
thought to utilize ammonia and nitrite respectively as their energy sources (Lieu et al. 1993, 
Skadsen 1993, Wolfe et al.  1988). 
Nitrosomonas bacteria oxidize ammonia to nitrite, while Nitrobacter bacteria convert 
nitrite to nitrate, with both species utilizing the energy released from the reactions.  The reactions 
involved are complicated, but can be summarized as shown in Equations (5.1) and (5.2) (Grady, 
Daigger and Lim 1999). 
For AOB nitrification: 
OHHNOONH 2224 6
1
3
1
6
1
4
1
6
1 ++→+ +−+  (5.1)
 
For NOB nitrification: 
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Furthermore, nitrite, the product from the AOB growth, rapidly reduces free chlorine 
(Rittmann and Snoeyink 1984) and accelerates the chloramine decomposition in a redox reaction 
forming nitrates (Valentine 1984).  Wolfe et al.  (1988) showed that a chlorine demand of 5 
mg/L is exerted by 1mg/L of NO2-N.  The reactions involved are presented in Equations (5.3) 
and (5.4) (Chen, 2001). 
+−−− ++→+ HClNONOHOCl 32  (5.3)
 
−+−− ++→++ ClNHNOOHNOClNH 43222 (5.4)
 
The most frequently used kinetic equation for representing bacterial growth is the Monod 
equation (Rittmann, 2001), which is shown in Equation (5.5): 
SK
S
dt
dX
X syn
a
a
syn +=⎟⎟⎠
⎞
⎜⎜⎝
⎛= µµ ˆ1  (5.5)
 
Where µsyn: specific growth rate due to synthesis (T-1) 
  Xa: concentration of active biomass (MxL-3) 
 t: time (T) 
 S: concentration of the rate limiting substrate (MsL-3) 
 µˆ : maximum specific growth rate (T-1) 
 K: concentration giving one-half the maximum rate (MsL-3) 
 
The rate of substrate utilization is often described using the same type of equation as the 
basic bacterial growth rate. The form of the Monod equation for substrate utilization is shown in 
Equation (5.6). 
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Sqr +−=
ˆ
 (5.6)
 
Where rut: rate of substrate utilization (MsL-3T-1) 
  : maximum specific rate of substrate utilization (Mqˆ sMx-1T-1) 
 
The relation between biomass growth and substrate utilization is quantitatively shown in 
Equation (5.7). 
Yqˆˆ =µ  (5.7)
 
Where Y: true yield for cell synthesis (MxMs-1) 
 
Incorporation of this relationship into the rate of substrate utilization yields the net cell 
growth as shown in Equation (5.8). 
aaanet bXXSK
SqYXr −+==
ˆµ  (5.8)
 
Where rnet: the net rate of active-biomass growth (MsL-3T-1) 
 µ : net specific growth rate of active biomass (T-1) 
 b: endogenous-decay coefficient (T-1) 
 
The rates of microbial growth can be slowed by the presence of inhibitory compounds 
(Rittmann, 2001), such as disinfectants.  Self-inhibition is when the enzyme catalyzed 
degradation of the substrate is slowed by high concentrations of the substrate, which is 
represented quantitatively in Equation (5.9). 
IS
eff
K
S
qq
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=
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ˆˆ  or
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eff
K
S
KK
+
=
1
 
(5.9)
 
Where : effective maximum specific rate of substrate utilization (Meffqˆ sMx-1T-1) 
 97
 Keff: effective concentration giving one-half the maximum rate (MsL-3) 
KIS: inhibition concentration of self-inhibitory substrate (MsL-3) 
 
If more than one substrate is rate limiting, which is typical and referred to as dual 
limitation, the rate of bacterial growth can be written as Equation (5.10). 
a
A
ut XAK
A
SK
Sqr ++−=
ˆ
 (5.10)
 
Where A: concentration of the rate limiting substrate A (MsL-3) 
 KA: concentration giving one-half the maximum rate for substrate A (MsL-3) 
 
Vayenas et al.  (1997) developed a dynamic model describing nitrification in trickling 
filters.  The model predicted the concentration profiles of ammonia, nitrite and nitrate along the 
filter depth and along the biofilm depth, as a function of the operating parameters, in batch and 
continuous operation.  The model also predicted the biofilm thickness as a function of filter 
depth and time.  No disinfectant inhibition or dissolved oxygen limitation were considered in the 
model.  The continuous version of the model was verified by pilot scale experiments and states 
that nitrite accumulation would be observed only when a significant ammonia concentration was 
observed at the filter outlet. 
Lu et al. (1995) developed a mathematical model that accounts for simultaneous transport 
of substrates, disinfectants and microorganisms to predict substantial changes in the quality of 
distributed drinking water.  The model consisted of a set of mass balance equations for organic 
substances, ammonium nitrogen, oxidized nitrogen, dissolved oxygen, alkalinity, biomass, and 
disinfectants in the bulk liquid phase and within the biofilm under both laminar and turbulent 
flow conditions.  The model was validated by comparing model solutions with numerical 
solutions in the literature, and was then applied for predicting the behavior of a typical water 
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treatment plant effluent through a distribution pipe.  The flow properties and disinfectant (free 
chlorine) consumption rate at the pipe wall played a significant role in the determination of 
potable water quality in the distribution system. 
Chandran and Smets (2000) formulated a mechanically based nitrification model to 
determine NH4-N to NO2-N and NO2-N to NO3-N oxidation kinetics from a single NH4-N to 
NO3-N batch-oxidation profile by explicitly considering the kinetics of each oxidation step.  In 
the model, stoichiometric coefficients relating nitrogen removal, oxygen uptake, and biomass 
synthesis were derived from an electron-balanced equation.  A parameter identifying analysis of 
the developed two-step model revealed a decrease in correlation and an increase in the precision 
of the kinetics parameter estimates when NO2-N oxidation kinetics became increasingly rate-
limiting.  These findings demonstrate that two-step models describe nitrification kinetics 
adequately only when NH4-N to NO3-N oxidation profiles contain sufficient information 
pertaining to both nitrification steps.  Thus, the rate-determining step in overall nitrification must 
be identified before applying conventionally used models to describe batch nitrification 
respirograms. 
Tsuno et al. (2002) developed a simple biofilm model of competition in bacterial growth 
for an attached surface.  Competition for the attached surface was expressed with crowded and 
detachment effects.  The developed model was verified by comparing simulated results with data 
obtained in experiments with batch culture of nitrifiers and continuous treatment of actual 
sewage in a biofilm reactor.  The model favorably simulated the growth competition between 
autotrophic and heterotrophic bacteria for the attached surface.  It was discerned from the model 
 99
that the effective removal of organic matter before the nitrification tank is required for effective 
nitrification in the biofilm reactor (Tsuno et al. 2002). 
Chandran and Smets (2001) derived expressions for biomass yield coefficients describing 
autotrophic ammonia and nitrite oxidation from a mechanistically based electron balanced 
equation.  They demonstrated that applying the conventional expression used to calculate the 
heterotrophic biomass yield results in erroneous estimates for the autotrophic biomass yield and 
the yield coefficients for autotrophic NH4–N to NO2–N oxidation and NH4–N to NO3–N 
oxidation are overestimated by 27 to 36 percent.  Due to correlation between the maximum 
specific growth rate and the biomass yield, a 30 to 40 percent error in yield values results in an 
overestimate of the maximum specific growth rate coefficient for NH4–N oxidation determined 
from batch respirograms.  Therefore, it is essential to employ the correct expression to estimate 
the autotrophic biomass yield coefficient from batch respirograms due to its inadvertent impact 
on subsequent parameter estimation. 
Although substantial work has been done on modeling of microbial activity in water 
treatment systems, only a few mathematical models describe nitrification in the drinking water 
distribution systems.  The substrate concentration (ammonia or nitrite) is lower than substrate 
concentrations in biofilters or bioreactors, and monochloramines inhibit bacterial growth both of 
which makes modeling microbiological activity in drinking water distribution systems more 
difficult than in wastewater systems. 
5.2 Pilot Plant Design 
Waters were produced from seven different treatment systems shown in Table 5.1.  
(Taylor et al. 2001, Liu et al. 2003). The RO source was augmented with salts to mimic seawater.  
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The pilot process water tanks are shown in Figure 5.1.  The finished waters were blended and 
distributed to 18 different pilot distribution systems (PDS) shown in Figure 5.2. 
 
Table 5.1  Pilot Plant Process Description 
Identification Source Water Treatment Processes 
G1 Groundwater Aeration, Disinfection, pH stabilization 
G2 Groundwater Softening, Sedimentation, Filtration, Disinfection, pH stabilization 
G3 Groundwater, RO and S1 Blends*
Softening, Sedimentation, Filtration and 
Disinfection, pH stabilization 
G4 Groundwater, RO and S1 Blends* Nano-filtration, Disinfection, pH stabilization 
S1 Surface Water Coagulation, Sedimentation, Filtration, Ozone, BAC, Filtration, Disinfection, pH stabilization 
S2 Surface Water Coagulation, Flocculation, Sedimentation, Nano-filtration, Disinfection, pH stabilization 
RO Groundwater 5 µm cartridge pre-filtration, RO, Disinfection, pH stabilization 
 
* The groundwater, S1 and RO blend ratio is 60%:30%:10%. 
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 Figure 5.1 Process Water Tanks 
 
There were 18 pilot distribution systems (PDSs).  The PDSs consisted of PVC, 
galvanized steel (G), lined cast iron (LCI) and unlined cast iron (UCI) pipes taken from existing 
distribution systems.  Fourteen of the PDSs were hybrid PDSs, consisting of PVC, LCI, UCI, and 
G pipes in that order.  Four PDSs were totally either PVC, LCI, UCI or G pipes and are 
described as single material PDSs (Taylor 2001, Liu et al. 2003). 
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 Figure 5.2 Distribution System of Pilot Plant 
 
The duration of the pilot plant operations was one and one-half years.  The period of 
operation discussed in this work is from 9/13/2002 to 12/14/2002, when nitrification occurred in 
the PDSs.  The PDS hydraulic resident time (HRT) was 2 days during this period. 
5.3 Model Building 
The development of the model was based on the following: 
1. The flow in the pipes was treated as plug flow, since the length of the pipe is much larger 
than the diameter. Hence plug flow based mass balance can be used to describe the PDSs. 
2. The biofilm thickness on the pipe wall was very small relative to the diameter of the pipe 
(6”), the biofilm effect was not as strong as in a biofilm reactor, consequently, the 
bioactivity in the biofilm was combined into and represented by the combined bulk water 
bioactivity and associated bio-parameters. 
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3. Ammonia consisted of free ammonia in the PDS feed stream and ammonia released from 
the decomposition of chloramines. 
4. Monochloramine, ammonia, nitrite and nitrate were transported parallel to the pipe 
surface. 
5. Biological growth was limited by ammonia, D.O. and nitrite and could be described by 
Monod kinetics. 
6. Biomass growth was non-competitively inhibited by chloramines. 
7. The pipe was divided into segments, and numerical analysis was used for mass balances 
of each segment. 
8. No denitrification occurred in the system. 
The specific growth rates for AOB and NOB were given by Monod kinetics and included D.O. 
limitation and the residual inhibition as shown in Equations (5.11) and (5.12). 
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Where CNH3i: ammonia concentration at ith segment (mg/cm3 as N) 
CNO2i: nitrite concentration at ith segment (mg/cm3 as N) 
CNH2Cli: monochloramine concentration at ith segment (mg/cm3 as Cl2) 
DOi: dissolved oxygen concentration at ith segment (mg/cm3) 
µ(CNH3i): specific growth rate of AOB at ith segment (day-1) 
µ(CNO2i): specific growth rate of AOB at ith segment (day-1) 
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KNH2Cl: inhibition concentration of monochloramine (mg/cm3 as Cl2) 
KNH3: ammonia concentration giving one-half the AOB maximum rate (mg/cm3 as N) 
KNO2: nitrite  concentration giving one-half the NOB  maximum rate (mg/cm3 as N) 
KO2: oxygen  concentration giving one-half the AOB and NOB  maximum rate (mg/cm3) 
 max1µˆ : maximum specific growth rate of AOB (day-1) 
 max2µˆ : maximum specific growth rate of NOB (day-1) 
Subscript i: the effluent of ith segment, or the influent of (i+1)th segment 
 
The first part of the right hand side (RHS) of equations (5.11) and (5.12), is the normal 
Monod expression with ammonia or nitrite as the substrate, the second part of the RHS of 
equations (5.11)and (5.12) considers the inhibition effect of monochloramine, and the third part 
of equations (5.11) and (5.12) considers the limiting effect of dissolved oxygen. 
Mass balances for ammonia, nitrite and nitrate at the bulk liquid, at the ith segment of the 
pipe, are shown in Equation (5.13), (5.14), and (5.15). 
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Where Subscript (i-1): the effluent of (i-1)th segment, or the influent of ith segment 
 X1: concentration of AOB active biomass (mg VSS/cm-3) 
YX1: true yield of AOB for cell synthesis (mg VSS/mg NH3-N) 
HRTi: hydraulic residence time of ith segment in the pipe (Day) 
   
The first term of the RHS of Equation (5.13) represents the ammonia difference between 
the inlet and the outlet concentrations in the bulk liquid in the ith segment of the pipe, the second 
term of the RHS of Equation (5.13) represents the degradation of ammonia by AOB, and the 
third term of the RHS of Equation (5.13) represents the release of ammonia from 
monochloramine decomposition.  Since it was assumed that the system was at steady state, the 
LHS of Equation (5.13) was zero. 
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Where YX2: true yield of NOB for cell synthesis (mg VSS/mg NO2-N) 
X2: concentration of NOB active biomass (mg VSS/cm-3) 
 
The first term in the RHS of Equation (5.14) represents the nitrite difference between the 
inlet and the outlet concentrations in the bulk liquid in the ith segment of the pipe, the second 
term in the RHS of Equation (5.14) represents the generation of nitrite by AOB, and the third 
term in the RHS of Equation (5.14) represents the consumption of nitrite by NOB.  Zero for the 
LHS of Equation (5.14) represents a steady state system. 
( )( ) ( ) 21 2
2
33
110 X
Y
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HRT iNOCX
iNOiNO
i
µ+−= − (5.15)
 
Zero for the LHS of Equation (5.15) represents a steady state system.  The first term of 
the RHS of Equation (5.15) represents the nitrate difference between the inlet and the outlet 
concentrations in the bulk liquid in the ith segment of the pipe, and the second term of Equation 
(5.15) represents the generation of nitrate by NOB. 
The initial conditions were that the concentrations of D.O., ammonia, nitrite, nitrate and 
monochloramine of the first segment of the pipe were equal to those of the influent water as 
defined in Equations (5.16), (5.17), (5.18), and (5.19). 
entranceNHiNH CC 33 0 =  (5.16)
 
Where CNH30: initial influent concentration for ammonia of first segment (mg/cm3 as N) 
 CNH3entrance: ammonia concentration entering PDS (mg/cm3 as N) 
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entranceNONO CC 22 0 =  (5.17)
 
Where CNO20: initial influent concentration for nitrite of first segment (mg/cm3 as N) 
 CNO2entrance: nitrite concentration entering PDS (mg/cm3 as N) 
 
entranceNONO CC 33 0 =  (5.18)
 
Where CNO30: initial influent concentration for nitrate of first segment (mg/cm3 as N) 
 CNO3entrance: nitrate concentration entering PDS (mg/cm3 as N) 
 
ClentranceNHClNH CC 22 0 =  (5.19)
 
Where CNH2Cl0: initial influent concentration for nitrate of first segment (mg/cm3 as N) 
 CNH2Clentrance: nitrate concentration entering PDS (mg/cm3 as N) 
 
Because it is assumed that no denitrification occurred in the system, the total nitrogen 
balance is described in Equation (5.20). 
0000 2323
2323
ClNHNONONH
CliNHiNOiNOiNH
CCCC
CCCC
+++=
+++
 (5.20)
5.4 Parameter Estimation 
Most of the kinetics parameters and constants required in the model could not be 
determined in the experiment.  However, the parameters are unique to the AOB and NOB 
bacteria and can be taken from the literature.  The selected kinetic parameters and constants are 
shown with references in Table 5.2. 
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Table 5.2 Kinetics Parameters and Constants Values 
Parameter Unit Model Value Reference 
KNH2Cl (mg/cm3 as Cl2) 0.0001 Estimation from the field data 
KNH3 (mg/cm3 as N) 0.0002 Antonious, 1989 
KNO2 (mg/cm3 as N) 0.0012 Metcalf and Eddy, 1991 
KO2 (mg/cm3) 0.0004 Williamson and McCarty, 1976 
max1µˆ  (day-1) 0.4 Antonious, 1989 
max2µˆ  (day-1) 0.55 Metcalf and Eddy, 1991 
YX1 (mg VSS/mg NH3-N) 0.19 Metcalf and Eddy, 1991 
YX2 (mg VSS/mg NO2-N) 0.10 Poduska and Andrews, 1974 
 
 
It should be noted that some kinetics parameters and constant were temperature 
dependent, such as max1µˆ , max2µˆ , KNH3, and KNO2.  But the temperature in this pilot study was not 
controllable, which is also the case for the real distribution systems.  The daily temperature 
variation in the PDSs was from 18 to 30 oC approximately.  Consequently, the temperature effect 
was not considered separately for each parameters or constants, but as discussed later, the active 
biomass concentrations estimated from the field data reflected the temperature effect as a whole. 
As shown in Figure 5.3, when the combined residual in the PDS was lost, nitrification 
was significant, because AOB growth was uninhibited.  The chlorine inhibition coefficient as 
shown in Equations (5.11) and (5.12) was set as a threshold below which the majority of 
nitrification occurred.  This threshold was approximately 0.1 mg/L as Cl2, consequently the 
chlorine inhibition coefficient was 0.1 mg/L as Cl2 (0.0001 mg/cm3). 
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Figure 5.3 Monochloramine Residual Effect on Nitrification 
 
The AOB and NOB active biomass concentrations were unique to the systems and were 
indirectly determined from field observations.  The AOB biomass was determined using 
Equation (5.11), Equation (5.13), and the actual ammonia, chlorine, and DO for each increment.  
Incremental AOB biomass was averaged for general model use. 
The actual chlorine, nitrite, ammonia, and DO were used in Equations (5.12) and (5.14) 
to determine incremental NOB biomass, which was averaged to determine X2 for general 
equation use. 
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X1 and X2 generally increased with temperature and were fitted to an exponential 
equation as shown in Figure 5.4.  The development of the model did not consider nitrite 
oxidation by chloramines separately but combined chemical and biological nitrite oxidation into 
a single term. 
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Figure 5.4 Correlation of AOB (X1) and NOB (X2) Active Biomass Concentration with 
Temperature 
 
Consequently, the equation used to predict AOB and NOB active biomass in the 
distribution system is shown as Equation (5.21) and (5.22) respectively: 
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)20(43
1 078.11022.5)/(
CeTemperatur ocmmgVSSX −− ××=  (5.21)
 
)20(43
2 091.11028.7)/(
CeTemperatur ocmmgVSSX −− ××=  (5.22)
 
The temperatures of  the PDSs were rarely above 35 oC.  When the temperature was 
below 15 oC, the nitrification was usually not an issue in the PDSs (Lieu, 1993).  Consequently, 
the suitable temperature range for Equation (5.21) and (5.22) is 15-35 oC.  The predicted X1 and 
X2 for this work are presented in Table 5.3: 
 
Table 5.3 Active AOB (X1) and NOB (X2) Biomass Concentration Prediction 
Date Temperature X1 X2
 oC mg VSS/cm3 mg VSS/cm3
10/10/02 29.5 0.0011 0.0016 
10/25/02 26.0 0.0008 0.0012 
11/08/02 20.7 0.0006 0.0007 
11/22/02 24.0 0.0007 0.0010 
12/06/02 21.0 0.0006 0.0008 
 
 
The typical literature values of trickling filters in the drinking water treatment for X1 and 
X2 were 17 and 34 mg VSS/cm3 (Vayenas et al., 1997).  Rittmann et al. (2001) provided that the 
biomass concentration for active sludge nitrification system was about 1 mg VSS/cm3, and 10 
mg VSS/cm3 for biofilm system.  But in this distribution system, the calculated X1 and X2 ranges 
were 0.0006-0.0011 and 0.0007-0.0016 mg VSS/cm3 respectively.  As expected, the active 
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biomass concentrations in the distribution systems were much lower than those in biological 
nitrification reactors treating wastewater. 
5.5 Model Prediction 
Ammonia, nitrite and nitrate were predicted using the models previously discussed and 
the data from the unlined cast iron distribution system during October 2002 to December 2002.  
Predicted and actual ammonia, nitrite and nitrate are shown in Figure 5.5 to Figure 5.9. 
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Figure 5.5 Bulk Water Profiles with HRT in the UCI PDS (Date 10/10/02) 
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Figure 5.6 Bulk Water Profiles with HRT in the UCI PDS (Date 10/25/02) 
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Figure 5.7 Bulk Water Profiles with HRT in the UCI PDS (Date 11/08/02) 
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Figure 5.8 Bulk Water Profiles with HRT in the UCI PDS (Date 11/22/02) 
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Figure 5.9 Bulk Water Profiles with HRT in the UCI PDS (Date 12/06/02) 
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 As presented in the figures, the predicted nitrate concentrations are very close to that of 
the measured data.  The predicted ammonia also followed the actual ammonia trend.  But nitrite 
was over predicted for most observations. 
There were a total of five sampling events at different dates from October to December 
2002.  For those sampling events, the measured nitrogen species showed different trends.  
Ammonia increased, decreased, increased and decreased on 10/10/02, 11/22/02, and 12/06/02 
data creating a two peak trend.  Ammonia only showed a one peak trend on 10/25/02 and 
11/08/02.  The peak was at the end of the pipe on 11/08/02.  However the ammonia trend could 
be predicted by the model given the variation of the AOB biomass coefficient. 
The predicted nitrate concentration represented the actual nitrate adequately.  On 
12/06/02, the actual nitrate varied significantly, which may have been due to sampling errors, 
analytical errors or anomalies within the PDS.  The actual samples taken from the internal ports 
did not exactly represent the same increment of water as these samples were collected almost 
simultaneously and the PDS HRT was two days. 
Nitrite was overestimated across the PDSs.  This could be because nitrite oxidation to 
nitrate by chloramines which was not separately represented by the model.  Inclusion of a 
specific chloramine oxidation of nitrite term may enhance accuracy of nitrite prediction. 
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5.6 Conclusions 
• Monochloramine decomposed in distribution systems to produce free ammonia, and 
provided a nitrogen source for AOB and NOB growth and nitrite and nitrate production.  
Such trends were observed in this study.   
• A steady state plug-flow model that predicted ammonia, nitrite and nitrate in a drinking 
water distribution system in presence of chloramines was developed using Monod 
kinetics.  
• A model was developed for prediction of active AOB and NOB biomass in drinking 
water distribution systems.  The independent variables were temperature, time, ammonia, 
chloramines and DO.  The NOB model considered nitrite as well.  
• The model predicted ammonia and nitrate concentrations adequately but overestimated 
nitrite, which may have been caused by the lack of consideration of nitrite oxidation by 
chloramines.  
• The biokinetic parameter values developed for the model were selected from the 
literature.  As expected, the calculated AOB and NOB active biomass concentrations 
were much lower than those in wastewater biological nitrification reactors. 
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CHAPTER 6 NITRIFICATION CONTROL STUDY ON 
CHLORAMINATED DISTRIBUTION SYSTEMS 
Nitrification control strategies are described for distribution systems utilizing 
chloramines for residual maintenance.  Uncontrolled and controlled nitrification episodes were 
investigated eighteen pilot distribution systems (PDSs) that were being utilized to investigate the 
effect of blending ground, surface and desalinated finished waters on distribution system water 
quality.  Initially PDS hydraulic retention time (HRT) and chloramine dose were 5 days and 4 
mg/L as Cl2.  PDS water temperature increased above 25 oC, residual was lost and uncontrolled  
nitrification began.  Increasing influent residual and the Cl2:N ratio had no effect as residual was 
not restored.   Reducing HRT from 5 to 2 days restored residual, which reduced but did not 
eliminate nitrification.  A free chlorine burn for one week at 5 mg/L Cl2 stopped nitrification.  
Controlled nitrification studies found reducing the Cl2:N ratio or free ammonia increased 
nitrification.  Maintenance of a strong residual was key to reducing nitrification. 
6.1 Introduction 
Chloramination has been implemented by many utilities in the United States for residual 
maintenance (Wolfe et al, 1985, LeChevallier, 1990, Ollos, 1998, Jegatheesan, 2000; AWWA & 
AWWARF, 1990) and control of trihalomethanes (THMs) and haloacetic acids (HAAs) 
(Brodtmann, 1979; Mitcham, 1983; Hack, 1984; Valentine, 1986; Lykins, 1994; Leung, 1994; 
Thomas, 1987; Taylor, 1986), or regulated disinfection by-products (DBPs). 
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When chloramines are used for residual maintenance in drinking water distribution 
system free ammonia is released by chloramine dissipation.  Released ammonia provides the 
energy source for nitrifiers, and biochemical nitrification can easily occur (Liu 2004). 
The EPA accepted chloramines as a secondary disinfectant in 1978, and as a primary 
disinfectant in 1983 (White, 1999).  Nitrification has been reported in several systems using 
monochloramine (Barrios, 1989; Wolfe, 1988 and 1990; Cunliffe, 1991; Lieu 1993), and was 
observed in reservoirs following blending of different source waters in the Metropolitan Water 
District in Los Angeles, California (White, 1999). A survey (Wilczak, 1996, Odell, 1996) 
revealed that 63 % of the utilities using chloramines have experienced periodic nitrification or 
episodes.  An analytical survey of five chloraminated distribution systems in South Australia 
showed 64 % of collected samples tested positive for nitrifying bacteria (Cunliffe, 1991, Regan, 
2002). 
Potential short-term control methods for nitrification include: (a) reducing distribution 
system retention times (Wolfe et al. 1988, Ike, Wolfe and Means 1988, Negrin, Heyer and Cheng 
1990, Lieu, Wolfe and Means 1993), (b) increasing the ratio of Cl2:N in order to minimizing 
excess ammonia in the finished water (Wolfe et al. 1988, Negrin, Heyer and Cheng 1990, Lieu, 
Wolfe and Means 1993), (c) periodically chlorinating the water to breakpoint (Wolfe et al. 1988, 
Negrin, Heyer and Cheng 1990, Lieu, Wolfe and Means 1993), (d) draining and refilling the 
storage tank (Burlingame and Brock 1985, Lieu, Wolfe and Means 1993), and (e) regularly 
flushing the distribution system (Wolfe et al. 1988). 
In 1990, several measures were taken to control nitrification in the Ann Arbor water 
system (Skadsen 1993).  (a) A Cl2:N ratio of 4.75:1 was maintained with no more than 0.1 to 0.3 
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mg/L free ammonia was added during treatment, which was unsuccessful. The failure was 
attributed to poor sampling and improperly controlled free ammonia in the finished water.  (b) 
The finished water reservoir chloramine residual was increased to 8.0 mg/L, and the chloramines 
residual in the distribution system influent was increased from 4.6 to 5.0 mg/L as Cl2, which 
were also ineffective.  (c) In 1991, the Cl2:N ratio was controlled at greater than 4:1, but 
nitrification was still observed at the same locations in the distribution system.  (d) Flushing at 
locations in the distribution system that exhibited nitrification was instituted until the residual 
was above 3.0 mg/L, which provided only temporary results. Restored residuals were lost within 
one to two days.  (e) Free chlorination was implemented and stopped nitrification. 
Murphy, O'Connor and O'Connor (1998) reported nitrification could be successfully 
controlled by partially using breakpoint chlorination.  Chlorine was added to partly destroy the 
combined chlorine residual (i.e. to the downward slope of the breakpoint curve) without reaching 
the breakpoint.  The desired point was where free ammonia is as close to zero as possible, and a 
significant amount of combined chlorine residual remains.  Implementation of this strategy in a 
full-scale system maintained higher chloramine residuals in historically low residual locations in 
the distribution system.  Two months after implementing this control method, nitrite and nitrate 
concentrations in the distribution system began to slowly decrease.  Less chloramines were dosed 
to the system and a booster station were eliminated.  However, there were still some seasonal 
variations in nitrate and nitrite levels indicating that nitrification had been reduced but not 
eliminated.  A disadvantage of this approach is increased difficulty of maintaining consistent 
chloramine residuals in this region of the breakpoint curve Taylor et al. (2001). 
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McGuire (1999) found that chlorite generated by ClO2 retarded nitrification at Gulf Coast 
Water Authority (GCWA) in Texas City, Texas.  Both laboratory and full-scale distribution 
system studies have shown that increasing chlorite levels in water reduces AOB populations, 
which reduces nitrification.  O'Connor, Murphy and O'Connor (2001) used sodium chlorite as an 
alternative to breakpoint chlorination found that sodium chlorite increased DO, increased 
chloramines residual and reduced nitrification in throughout the distribution system.  The 
primary concern for controlling nitrification by chlorite addition, is that a regulated substance 
that is toxic is added to control another regulated substance, neither of which are desirable in 
drinking water. 
6.2 Pilot Plant Design 
Waters were produced from seven different treatment systems, which are described in 
Table 6.1 by acronym, source and processes.  These systems simulated all treatment system used 
by TBW and their Member Governments.  All G, S and RO acronyms indicate finished water 
produced from ground, surface and desalination treatment.  G1 and G2 are conventional 
treatment and softening. G3 and G4 are blended waters that were treated by softening and 
nanofiltration.  These processes were of interest to some MGs that were considering further 
treatment of surface water.  S1 and S2 are enhanced coagulation with ozone and GAC filtration, 
and nanofiltration of coagulated and filtered surface water.  RO is low pressure reverse osmosis 
filtration of groundwater following by the addition of sea salts to simulate desalination of saline 
water.  The finished waters were blended and distributed to 18 different pilot distribution 
systems (PDS). Tanks used for the batch treatment to produce the finished waters are shown in 
Figure 6.1. 
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Table 6.1  Pilot Unit Description 
Identification Source Water Treatment Processes 
G1 Groundwater Aeration, Disinfection, pH stabilization 
G2 Groundwater Softening, Sedimentation, Filtration, Disinfection, 
pH stabilization 
G3 Groundwater, RO 
and S1 Blends 
Softening, Sedimentation, Filtration and 
Disinfection, pH stabilization 
G4 Groundwater, RO and S1 Blends Nano-filtration, Disinfection, pH stabilization 
S1 Surface Water Coagulation, Flocculation, Sedimentation, Ozone, GAC, Filtration, Disinfection, pH stabilization 
S2 Surface Water Coagulation, Flocculation, Sedimentation, Nano-filtration, Disinfection, pH stabilization 
RO Groundwater 5 µm cartridge pre-filtration, RO, Disinfection, pH stabilization 
 
 
 
 
Figure 6.1 Process Water Tanks 
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As shown in Figure 6.2, eighteen PDSs were used that consisted of PVC, galvanized (G), 
lined cast iron (LCI) and unlined cast iron (UCI) pipes taken from existing distribution systems. 
The PVC, LCI, UCI and G pipe diameters were 6”, 6”, 6” and 2” respectively.  Fourteen of the 
PDSs were hybrid PDSs, consisting of PVC, LCI, UCI, and G pipes in that order, and four PDSs 
were made from only PVC, LCI, UCI, and G pipes. The initial hydraulic retention time (HRT) 
was five days. The PDSs were flushed every five day by three PDS volumes at 1 ft/sec. The 
periodic flush simulated actual distribution system velocities and was intended to reduce (Liu 
2003). 
 
 
Figure 6.2 Distribution System of Pilot Plant 
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6.3 Results and Discussions 
6.3.1 Field Nitrification Study and Operation Summary 
The pilot plant was operational for one and one-half years. PDS influent consisted of 
blended finished waters.  These blends were changed every three months, which was identified 
as a phase.  There were six phases in the project.  Phase I was from 12/06/2001 to 3/14/2002, 
phase II from 3/15/2002 to 6/13/2002, phase III from 6/14/2002 to 9/12/2002, Phase IV from 
9/13/2002 to 12/14/2002, phase V from 12/15/03 to 4/04/2003, and phase VI from 4/05/2003 to 
7/04/2003.  
PDSs were initially operated with a five day HRT, an influent chloramine dose of 4 mg/L 
as Cl2 and a Cl2:NH3-N ratio of 4:1.  Nitrification did not occur phase I and Phase II.  
Nitrification did occur during phase III which ran through the summer.  Ambient temperatures 
greater than 35 oC and PDS effluent temperatures greater than 30 oC were common. PDS effluent 
and DO residuals dropped significantly, and nitrification as indicated by the presence of NO2- 
and NO3- in the PDS effluent during the summertime phase.  When the NO3-N was measured, 
the actual NO3-N was reduced to NO2-N, and the total resulted NO2-N was measured and 
reported as NO3-N.  The reported NO3-N includes NO2-N and NO3-N. 
At the end of phase III, the chloramine residual in the PDS influent was increased from 
4.0 to 4.5 mg/L as Cl2, and the chlorine to nitrogen ratio was increased from 4:1 to 5:1 at a 5 day 
HRT and no reduction of NO2- and NO3- in the PDS effluent was observed. On 8/30/2002 the 
HRT was reduced from 5 to 2 days. Nitrification was reduced but not stopped. 
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During Phase IV, PDSs were operated at a 2 day HRT, 4.5 mg/L as Cl2 influent 
chloramine residual, and a 5:1 Cl2:NH3-N.  Significant nitrification was observed in PDS 5, 11, 
14, 15, and 18 at these conditions, however nitrification had been reduced. 
A free chlorine burn at 5 mg/L Cl2 was initiated during the first week of Phase V and 
nitrification was eliminated as indicated by the absence of NO2- and NO3- in the PDS effluent.  
Since the initial nitrification episode was unplanned, a controlled nitrification study was 
initiated.  Since nitrification was eliminated by free chlorination, measures were taken to restore 
nitrification. On 12/24/2002, chloramination was restored but 1 mg/L excess ammonia was put 
into PDS 11 to 14 for about one month at 4 mg/L chloramine residual and a two day HRT.  
Nitrification did not occur. On 1/31/2003 the PDS influent chloramine residual was quenched 
with sodium. However very little NO2- and NO3- (nitrification) in the PDS effluents was 
observed by the end of phase V. 
Nitrification was finally observed in PDS 11 to 14 at the beginning of phase VI after a 
three month incubation period.  PDS 9, 10, and 15 – 18 were added to the nitrification 
investigated and were incubated for three weeks with 1.0 mg/L ammonia-N and no chloramine 
residual (sodium thiosulfate quenching).  The PDS HRT was restored to 5 days, which resulted 
in anaerobic conditions and denitrification. The HRT was changed to 2 days and restored aerobic 
conditions in the PDSs. The summary of the pilot plant operation events are presented in Table 
6.2. 
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Table 6.2 Pilot Plant Operational Summary 
Phase Start End Comments 
I 12/06/2001 03/14/2002 Dose=4.0mg/L as Cl2, Cl2:N=4:1, HRT=5 days 
II 03/15/2002 06/13/2002 Dose=4.0mg/L as Cl2, Cl2:N=4:1, HRT=5 days 
06/14/2002 09/12/2002 Occurring nitrification, residual lost 
06/14/2002 – Dose=4.5mg/L as Cl2, Cl2:N=5:1, HRT=5 days III 
08/30/2002 – Dose=4.5mg/L as Cl2, Cl2:N=5:1, HRT=2 days 
IV 09/13/2002 12/23/2002 Internal ports work on PDS 5, 11, 14, 15, and 18 
12/15/2002 12/23/2003 Free chlorination 
12/24/2002 01/30/2003 PDS 11-14 incubation, with 1mg/L NH3-N addition V 
01/31/2003 04/04/2003 PDS 11-14 addition of thiosulfate and NH3-N, no biweekly flush 
04/05/2003 04/13/2003 PDS 11-14 nitrification study with 5 days HRT initially 
04/14/2003 07/04/2003 Change 11-14 HRT to 2 days 
04/05/2003 05/02/2003 Incubate PDS 9, 8, and 15-18,  5 day HRT 
04/26/2003 – Change PDS 9, 8, and 15-18 to 2 days HRT 
05/02/2003 – Terminate PDS 9, 8, and 15-18 incubation, 
VI 
05/03/2003 07/04/2003 PDS 9, 8, and 15-18 nitrification study with 2 day HRT 
 
 
6.3.2 Control Measure I: Changing Influent Chloramines, free Ammonia and Cl2:N Ratio 
Increasing the PDS influent chloramine residual and the Cl2:NH3-N ratio theoretically 
can increase chloramine residual and reduce ammonia in the distribution system.  However, 
increasing the chloramine residual eventually will provide more ammonia in the distribution 
system and may be counterproductive to nitrification control.  Increasing the Cl2:NH3-N ratio to 
5:1 has no downside, as available ammonia is minimized and no free chlorine is available to 
form chlorinated DBPs. 
The average PDS effluent chloramine residual, and temperature is shown in Figure 6.3.  
The increased chloramine residual and Cl2:N ratio were instigated from 06/14/02 and 08/30/02.  
 130
As shown in Figure 6.3, the effluent residual were lost during this period.  The temperature 
increase that occurred during phase II corresponded to decreasing chloramine residual and the 
occurrence of nitrification.  Once nitrification started, increasing chlorine dose from 4 to 4.5 
mg/L as Cl2 or increasing the Cl2:N ratio from 4:1 to 5:1 had no observable effect on 
nitrification.  These observations agree with previous literature (Cunliffe 1991, Skadsen 1993, 
Wilczak et al 1996). 
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Figure 6.3 The average chlorine residual and temperature for all the 18 PDSs 
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Various influent free ammonia concentrations and Cl2:N ratios were studied during Phase 
IV and VI.  The correlation between influent free ammonia and nitrite production is shown in 
Figure 6.4.  Higher ammonia concentration in the influent provided more available nitrogen to be 
converted to nitrite in the effluent and increased nitrification.   
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Figure 6.4 Influent free ammonia effect on NO2-N production 
 
The Cl2:N ratio considers both the free ammonia concentration and the chloramines 
residual in the influent.  The relationship between the production of nitrite and the influent Cl2:N 
ratio is illustrated in Figure 6.5.  Clearly, nitrification was high at low Cl2:N ratios as shown by 
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higher nitrite concentrations at lower Cl2:N ratio.  Lower Cl2:N ratio means more free ammonia 
or less chlorine residual or both.  The former contributes more food for nitrifiers and the latter 
means less capacity to inhibit the nitrifier growth.  These relationships are supported by the 
negative correlation of delta nitrites to Cl2:N ratio.  Increasing the Cl2:N ratio did not stop 
nitrification, as shown in Figure 6.3, but  did reduce delta nitrites, as shown in Figure 6.5. 
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Figure 6.5 Influent Cl2:N ratio effect on NO2-N production   
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6.3.3 Control Measure II: Reduce HRT 
As presented in Figure 6.3, when the PDS HRT was reduced from 5 to 2 days on 
08/30/02, PDS effluent chloramine residuals immediately changed from 0 to 0.5 mg/L as Cl2 and 
began to gradually increase, which was aided by decreasing temperatures. 
During the nitrification experiment (04/05/03-07/04/03) PDSs 11-14 were operated at 5 
day HRT from 04/05/03 to 04/13/03, but the PDS effluent was anaerobic.  The PDS HRT was 
reduced to 2 days on 04/14/03 and aerobic conditions were restored in the PDS effluents.  The 
nitrite and NO3-N decreased immediately, as DO and chloramine residual reappeared in the PDS 
effluents.  As shown in Figure 6.6, the average nitrite and nitrate decreased from approximately 
1.8 and 1.3 mg/L N to 0.9 and 0.5 mg/L N when the PDS HRT was changed from five to two 
days.  Correspondingly, the average residual and DO changed from approximately zero to 0.25 
mg/L as Cl2, and 0.4 to 4 mg/L as O2.   
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Figure 6.6 HRT effect on nitrification 
 
6.3.4 Control Measure III: Temporary Free Chlorination 
A one week free chlorine burn was instigated from 12/15/02 and 12/23/02 with 5.0 mg/L 
Cl2 for one week.  Ammonia does not exist in the presence of free chlorine and was not present 
to fuel nitrification.  As shown in Table 6.3, ammonia, nitrite or nitrate were not found in the 
PDS effluents.  Without ammonia, nitrification does not occur. 
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Table 6.3 Water Quality during Free chlorination 
Parameter Date Sample PDS 11 PDS 12 PDS 13 PDS 14 
12/17/2002 Feed 5.0 5.8 5.0 5.1 
12/18/2002 Effluent 2.0 2.5 2.4 2.6 
12/19/2002 Feed 6.0 5.6 6.3 6.1 
Free Cl2 (mg/L 
as Cl2) 
12/20/2002 Effluent 2.5 2.7 2.5 2.3 
12/18/2002 Feed 0.0 0.0 0.0 0.0 
12/19/2002 Effluent 0.0 0.0 0.0 0.0 
NO2-N (mg/L 
as N) 
12/20/2002 Effluent 0.0 0.0 0.0 0.0 
 
 
Chloramination was restored on 12/23/02.  As shown in Figure 6.7, nitrite concentrations 
were found in PDS 5, 6, 7 and 8 effluents after May 1, 2003.  Nitrification in PDS 5, 6, 7 and 8 
was significant by May 26, 2003.  Nitrification was clearly eliminated by free chlorine.  
However, nitrite did not appear in the PDS effluent until the end of May 2003, which 
corresponds to a 15 to 30 oC temperature increase.  Higher temperature was a major driving force 
for nitrification. 
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Figure 6.7 NO2-N Trend after Free Chlorination (PDS 5-8) 
 
6.3.5 Nitrification Incubation 
During Phase V, PDSs 11 to 14 were selected for the nitrification investigation.   Free 
chlorination was implemented to eliminate nitrifiers and chloramination was initiated on 
12/24/02 with an 1 mg/L excess of NH3-N to aid nitrifier growth.  On 01/31/03 sodium 
thiosulfate was used to quench the influent chloramine residual, which increased the available 
NH3-N to 1.8 mg/L.  Nitrates were detected in the PDS effluent in March 2003, which 
demonstrated nitrification was ongoing in the PDSs. 
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PDS 14 was selected to show nitrification during incubation.  The trend of nitrites and 
nitrates for PDS 14 versus time is presented in Figure 6.8.  Nitrification is a biochemical process 
and as expected did not begin immediately.  Significant nitrification was not seen until March 
2003, which is three months after attempts were made to induce nitrification.  Generally the last 
PDS 14 sample shows 2.0 mg/L NO3-N and 1.7 mg/L NO2-N, when indicates only 0.3 mg/L of 
actual NO3-N since the Hach field method measures both NO3-N and NO2-N as NO3-N.  This 
represents conversion of almost all of the 1.8 mg/L of NH3-N that was available in the PDS 14 
effluent and an effective microbiological nitrification process.  These results also show that even 
in the presence of free ammonia, a chloramine residual retards nitrification, and microbiological 
processes in distribution systems are difficult to initiate, control and stop. 
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Figure 6.8 NO2-N and NO3-N Trend During Incubation for Phase V (PDS 11-14) 
 
6.3.6 Control Measure IV: Flushing 
Distribution system flushing is a viable strategy for controlling nitrification.  Benefits 
from flushing are restoration of residual, removal of bulk microorganisms and removal of 
biofilms.  Disadvantages of flushing include providing ammonia sources which can refuel 
nitrification.  PDSs 9, 10, and 14 received the same blended water and were used to investigate 
flushing.  Regular flushing was maintained for PDS 14 and was changed for PDSs 9 and 10.  The 
flush strategy is shown in Table 6.4. 
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Table 6.4 PDS 9 and 10 Flushing Strategy 
PDS PDS 9 PDS 10 PDS 14 
Flush NH2Cl Concentration (mg/L as Cl2) 10.0 10.0 7.0 7.0 4.0 
Flush Frequency (week) 1.5 1 1.5 1 2 
05/16/03 06/13/03 05/16/03 06/13/03 05/16/03 
05/26/03 06/20/03 05/26/03 06/20/03 05/30/03 
06/06/03 06/27/03 06/06/03 06/27/03 06/13/03 
Flush Dates 
- 07/04/03 - 07/04/03 06/27/03 
 
 
 
Before flushing, finished waters were pumped to the flush water storage tank, and the 
chloramine concentrations were adjusted as necessary.  Flushing dates for PDSs 9, 10 and 14 are 
indicated by the vertical dash lines respectively in Figure 6.9, Figure 6.10, and Figure 6.11.  
Chloramination was restored on 05/02/03 in PDS 9 and 10 following the incubation period with 
no chloramine.   From 05/02/03 to 06/06/03, the PDSs were flushed every 1.5 weeks with three 
pipe volumes at 1 ft/sec for a total of three flushes.  From 06/06/03 to 07/04/03, the PDSs were 
flushed weekly with three pipe volumes at 1 ft/sec for a total of four flushes.  From 05/16/03 to 
06/27/03, PDS 14 was flushed biweekly with three pipe volumes at 1 ft/sec for a of total four 
flushes.  The PDS HRT during the flush investigation was 2 days. 
The PDS effluent chloramine residuals and ammonia nitrogen versus time are shown in 
Figure 6.9 for PDS 9, 10 and 14. The sampling events were always conducted before flushing.  
When the sampling and flushing occurred on the same day, the samples were actually the 
consequences of the previous flushing.  Although the order of ammonia and chloramine residuals 
is not always ordered as expected, some observations can be made from Figure 6.9.  The effect 
of flushing with 10 and 7 mg/L chloramines as Cl2 on 05/26/03 for PDSs 9, 10 respectively 
resulted in ammonia residuals of 1.8 and 1.1mg/L N on 05/29/03, which indicates nearly all of 
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the chloramines reacted during flushing.  Chloramine residual increased as strength of 
chloramine flush increased.  The flushing frequency for PDS 9 and 10 was changed from 1.5 to 1 
week on 06/13/03, which resulted in lower ammonia and slightly higher chloramine residuals.  
There was not much difference in the ammonia residuals following a 1 week flush with either 10 
or 7 mg/L chloramines.  However the highest residual was observed in PDS 14 after 06/06/03, 
which did experience any change in the flushing regime.  The higher PDS 14 residual suggest the 
change in the flushing regime for PDS 9 and 10 disrupted the film and increased chloramine 
demand.  Such observations are common to utilities after flushing.  Some adverse water quality 
conditions in the distribution system may be noted immediately after flushing due to removal of 
some the distribution system film. 
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Figure 6.9 PDSs 9, 10 and 14 Effluent Residual and Ammonia Trend 
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The NO2-N and NO3-N trend for PDSs 9, 10, and 14 are illustrated in Figure 6.10 and 
Figure 6.11 respectively.  The most striking observation in Figure 6.10 and Figure 6.11 is that the 
nitrates in PDS 14 are much higher than in PDS 9 and 10.  The difference in nitrates indicates 
flushing with a higher concentration of chloramines effectively reduced nitrification.  However 
nitrites and nitrates increased in PDS 9 and 10 when the flushing frequency was changed from 
1.5 to 1 week.  This indicates nitrification was enhanced by the increased temperature.  Generally 
nitrites and nitrates are lower in PDS 9 which experienced the higher chloramine concentrations 
during flushing.  The dramatic drop in nitrites and nitrates in PDS 14 occurred after 06/06/03, 
which may indicate some factor other than flush frequency or chloramine concentration in the 
flush affected nitrification. 
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Figure 6.10 PDSs 9, 10, and 14 Effluent Nitrite Trend 
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Figure 6.11 PDSs 9, 10, and 14 Effluent Total NO3-N Trend 
 
Isopleths relating residual loss, ammonia loss, nitrite production and nitrate production in 
and out of PDS 9, 10 and 14 were developed for flush frequency and flush residual strength.  
These isopleths are presented in Figure 6.12. 
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Figure 6.12 The Effect of Flush Residual Concentration and Frenquency on Residual Loss, 
Ammonia Loss, Nitrite Production, and Nitrate Production 
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The residual isopleth shows that PDS residual loss increased as chloramine concentration 
in the flush decreased and as flush frequency increased.  Although the maximum variation in 
residual loss is 0.4 mg/L as Cl2, the trend is clear and as expected.   The ammonia loss is a direct 
measure of nitrification and is observed to vary from -0.3 to 0.1 mg/L as N.  The negative 
number indicates the rate of chloramine degradation exceeded the rate of ammonia consumption.   
PDS ammonia-N loss decreased as the strength of the flush (chloramine concentration) decreased 
and was unaffected by flush frequency for a 1 to 2 week flushing frequency.   The nitrite isopleth 
shows that nitrite produced in the PDSs increased as flush concentration decreased and flush 
frequency increased, which is the same as residual varied with flush concentration and 
frequency.  The nitrate isopleth shows that nitrates produced in the PDSs increased as flush 
concentration decreased but were not affected by a 1 to 2 week variation in flush frequency.  The 
investigation of flush frequency and strength show that both can affect nitrification, and that 
flush concentration was more significant than flush strength for the conditions of this 
investigation. 
6.4 Conclusions 
After nitrification occurred, the increase of finished water residual from 4.0 mg/L as Cl2 
to 4 or above and an increase in the ratio of Cl2:N did not reduce nitrification.  Then hydraulic 
detention time was reduced from 5 to 2 days, nitrification was significantly reduced but not 
eliminated in some of the 18 pilot distribution systems.  Once nitrification occurred, it could be 
reduced but not eliminated by those methods.  When nitrifiers were established in the system, the 
monochloramine could not eliminate nitrification by itself.  During phase change, free 
chlorination was used in the systems and the nitrification was stopped immediately.  Nitrification 
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increased with increase of free ammonia and decrease of Cl2:N ratio with broader range.  High 
flush residual concentration and frequency reduced nitrification by did not stop nitrification. 
• Uncontrolled Nitrification: 
o Increasing the chloramine residual from 4 to 5 mg/L as Cl2 was ineffective for 
reducing nitrification 
o Increasing the Cl2:N from 4 to 5 was ineffective for reducing nitrification 
o Reducing the hydraulic detention time from 5 to 2 days was effective for reducing 
but not stopping nitrification.  The reduced HRT restored the chloramine residual, 
which was responsible for reducing nitrification. 
o Implementing a free chlorine burn at 4 mg/L as Cl2 for one week stopped 
nitrification. 
• Controlled Nitrification: 
o Nitrification was reduced with decreasing flush frequencies and increase flush 
strength (chloramine concentrations).  Flush strength affected nitrification more 
than flush frequency for the conditions of this investigation. 
o Nitrification was reduced as Cl2:NH3 ratio was reduced 
• .Nitrification Management 
o Any utility using chloramines must aggressively manage distribution sytem water 
quality to control nitrification.  High Cl2:NH3 ratios (5), residual maintenance, 
distribution system flushing and water quality monitoring are essential to 
nitrification control.  Nitrification will be more difficult to control as water 
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temperature increases in distribution systems using chloramines for residual 
maintenance. 
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CHAPTER 7 HPC POPULATIONS IN CHLORAMINATED 
DISTRIBUTION SYSTEMS 
HPC change was monitored in pilot distribution systems (PDSs) during a period when 
biochemical nitrification was occurring and during periods when biochemical nitrification was 
not occurring.  The PDSs were made from actual distribution system pipe and received finished 
water from ground, surface and saline sources.  Average residual and temperature were the only 
water quality variable shown to affect HPC change when a five day data set of influent and 
effluent water quality was used for regression, which was typically when biochemical 
nitrification was not occurred.  Average residual and delta nitrite-N were the only water quality 
variable shown to affect HPC change when a two-day HRT data set of influent and effluent 
water quality was used for regression, which was typically when biochemical nitrification was 
occurred.  Results showed increasing heterotrophic bacterial growth was associated with 
decreasing average residual, increasing average nitrite-N and increasing average temperature in 
pilot distribution systems. 
7.1 Introduction 
Chloramination has been implemented by many utilities in the United States for 
disinfection, by-product (DBP) control and residual maintenance.  Free chlorine reacts with 
ammonia before regulated DBP precursors and trihalomethanes (THMs) and haloacetic acids 
(HAAs) are not formed. However chloramines are approximately two log orders less toxic to 
microorganism and do degrade to ammonia and chloride.  Ammonia is also a nutrient for HPC 
growth.  Bacterial populations in distribution systems using chloramination differ from bacterial 
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populations in distribution systems using free chlorine.  Consequently, there are advantages and 
disadvantages to using chloramines in a distribution system.   
This research was conducted by the University of Central Florida in a tailored 
collaboration project support by the AWWA Research Foundation and Tampa Bay Water 
(Taylor et al, 2001).  An 8500 ft2 field facility was built to conduct this work consisted of seven 
different pilot plants and eighteen pilot distribution systems (PDS) made of pipe taken from 
actual distribution systems.  Finished ground, surface and desalinated waters were produced and 
blended in various ratios to determine the effects of varying finished water quality on distribution 
system water quality in the presence of chloramines.  Variations in the HPC population in 
distribution systems using chloramines are discussed in this paper. 
7.2 Applied Literature 
Chloramination has been implemented by many utilities in the United States, since 
chloramines provide a longer lasting residual (Wolfe et al, 1985) than free chlorine and do not 
form regulated disinfection by-products (DBPs), such as trihalomethanes (THMs) and haloacetic 
acids (HAAs) (Brodtmann, 1979; Mitcham, 1983; Lykins, 1994; Thomas, 1987; Taylor, 1986). 
The EPA accepted chloramines as a secondary disinfectant in 1978, and as a primary 
disinfectant in 1983 (White, 1999).  However a longer contact time for chloramines is required to 
obtain equivalent disinfection relative to free chlorine.  Ammonia is a degradation product of 
chloramines and is a food source for autotrophic bacteria associated with the nitrogen cycle.  
These autotrophs act as a primary producer for heterotrophic bacterial growth.  Nitrification has 
been reported in several systems using monochloramine (Barrios, 1989; Wolfe, 1988 and 1990; 
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Cunliffe, 1991; Lieu 1993) and was observed in reservoirs following blending of different source 
waters by the Metropolitan Water District (White, 1999). 
During biochemical nitrification, nitrifiers use ammonia as an energy source to produce 
nitrite, which is oxidized to nitrate by chloramines and accelerates the loss of chloramine 
residual (Harrington, 2003). The loss of residual accelerates heterotrophic bacterial growth, and 
the autotrophs act as primary producers for heterotrophic bacterial growth (Furumai, 1994).  
Unchecked heterotrophic bacterial growth may adversely affect public health, and violate the 
Coliform Rule.  Residual loss could possibly violate disinfectant requirements as specified in the 
Surface Water Treatment Rule given residence time in a portion of the distribution system was 
used to meet the CT requirement (Harrington, 2003).  
Nitrification is a biochemical process in which the sequential oxidation of ammonia to 
nitrite, and nitrite to nitrate occurs. The first step takes place when ammonia oxidizing bacteria 
(AOB) oxidize ammonia to nitrite. Nitrosomonas is the principal AOB, although Nitrosolobus, 
Nitrosococcus, Nitrosovibrio, and Nitrosospira may be involved to a lesser extent. The second 
step occurs when nitrogen oxidizing bacteria (NOB) which are principally Nitrobacter oxidizes 
nitrite to nitrate.  Some heterotrophic bacteria are capable of nitrification, but the process is slow 
(Skadsen, 1993; Wolfe, 1988).  Heterotrophic bacteria were one of the indication parameters for 
nitrification.  Heterotrophic bacteria and AOB have been correlated for HPCs greater than 350 
cfu/mL in a Metropolitan Water District study (Wilczak et al., 1996). 
Skadsen (1993) noted that during nitrification, an increase in heterotrophic bacteria was 
observed and chloramine residual decreased. HPC increases ranged from 0.3 to 2.1 log.   This 
correlation was not observed when greater than 1-3 mg/L of monochloramine was present; hence 
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a threshold effect of monochloramines was identified. Increased HPCs during nitrification was 
also observed by Wolfe (1988).  HPCs were also shown to decrease with increasing chloramine 
dose in an annular reactor experiment (Ollos, 1998).  He noted increased in HPC was totally 
suppressed at greater than 1 mg/L chloramines.  Nitrification is usually accompanied by 
increased HPCs (Furumai, 1994).  Heterotrophic bacteria growth was enhanced by the absence 
of chloramines residual and be the production of soluble products from AOB growth. 
Bacteria in distribution systems are naturally occurring soil and water bacteria that are 
integral to either the carbon cycle, the nitrogen cycle, or the sulfur cycle (Taylor et al., 2001).  
The bacteria involved in the carbon cycle are heterotrophic organisms, which are metabolically 
very diverse.  They may use a number of different electron acceptors (e.g. oxygen, nitrate, nitrite, 
sulfate, ferric iron).  Autotrophic bacteria can initiate the colonization of distribution system 
surfaces.  As the autotrophs convert inorganic carbon to organic carbon they provide a food 
source for heterotrophic bacteria.  Thus the autotrophs become the primary producers of a much 
more complex food chain and make colonization by heterotrophs possible even under extremely 
carbon limited conditions.  For this reason multiple nutrient control is necessary.  Carbon 
limitation alone may not be effective if other nutrients such as nitrogen are present in abundance.  
There are a number of assays to quantify bacterial regrowth potential for water samples.  
These assays can be categorized as those, which quantify a limiting nutrient (usually 
biodegradable carbon) directly, or those, which quantify bacterial growth from the sample 
directly. AOC, BDOC, HPC are measures of suspended biological activity. PEPA measures 
attached film bioactivity. 
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The assays, which often quantify a nutrient, assume that nutrient is the limiting nutrient 
for growth (e.g. C in a BDOC assay).  Even assays, which directly measure bacterial growth, 
may lead to the assumption that carbon is the limiting nutrient (e.g. AOC).  However, there are 
examples of other nutrients, such as phosphorus (Savthasian et al., 1997; Savthasivan et al., 
1998), were found to be the limiting nutrient in distribution systems.  Investigators have reported 
more robust growth due to phosphorus than due to carbon, (Haas et al., 1988; Miettinen et al., 
1997).   Phosphate containing inhibitors could possibly promote heterotrophic bacterial growth 
in distribution systems if a strong residual is not maintained.  Bioassays have been developed 
specifically for determining the effect of phosphorus as a major limiting nutrient (Lehtola et al., 
1999).  In addition assays like AOC sometimes yield significantly higher values when samples 
are spiked with inorganic nutrients (Charnock and Kjonno, 2000) indicating that carbon is not 
the only significant nutrient limiting growth. 
7.3 Pilot Plant Design 
Waters were produced from seven different treatment systems, which were aeration of 
groundwater aeration (G1), softening of groundwater (G2) and blends (G3), surface water CSF-
O3-GAC (S1), IMS (CSF-NF, or S2), high pressure RO of groundwater, and nanofiltration of 
blends (G4).  The finished waters were blended and distributed to 18 different pilot distribution 
systems (PDS). The RO source was augmented with salts to mimic seawater. A brief description 
of the pilot water treatment processes is presented in Table 7.1 with an abbreviated identification 
(Taylor, 2001, Liu, 2003). The pilot process water tanks are shown in Figure 7.1. 
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Table 7.1  Pilot Unit Description 
Identification Source Water Treatment Processes 
G1 Groundwater Aeration, Disinfection, pH stabilization 
G2 Groundwater Softening, Sedimentation, Filtration, Disinfection, 
pH stabilization 
G3 Groundwater, RO 
and S1 Blends 
Softening, Sedimentation, Filtration and 
Disinfection, pH stabilization 
G4 Groundwater, RO and S1 Blends Nano-filtration, Disinfection, pH stabilization 
S1 Surface Water Coagulation, Flocculation, Sedimentation, Ozone, GAC, Filtration, Disinfection, pH stabilization 
S2 Surface Water Coagulation, Flocculation, Sedimentation, Nano-filtration, Disinfection, pH stabilization 
RO Groundwater 5 µm cartridge pre-filtration, RO, Disinfection, pH stabilization 
 
 
 
Figure 7.1 Process Water Tanks 
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There were 18 pilot distribution systems as shown in Figure 7.2.  The PDSs consisted of 
PVC, galvanized (G), and lined ductile iron (LCI) and unlined cast iron (UCI) pipes taken from 
existing distribution systems. The PVC, LCI, UCI and G pipe diameters were 6”, 6”, 6” and 2” 
respectively.  Fourteen of the PDSs were hybrid PDSs; consisted PVC, LCI, UCI, and G pipes in 
that order and four other PDSs were pure material PDSs from the four materials. A five 
distribution system pipe volume was used for flushing, which controlled the minimum flow and 
capacity of the pilot system water treatment processes.  The periodic flush reduced biofilm 
accumulation by simulating velocity in a full-scale distribution system (Liu, 2003). 
 
 
Figure 7.2 Distribution System of Pilot Plant 
 
The pilot plant was operational for 1.5 years.  Operational phases were defined when 
PDS influent water quality was changed every three month.  Phase I was from 12/06/2001 to 
3/14/2002, phase II from 3/15/2002 to 6/13/2002, phase III from 6/14/2002 to 9/12/2002, Phase 
 158
IV from 9/13/2002 to 12/14/2002, phase V from 12/15/03 to 4/04/2003, and phase VI from 
4/05/2003 to 7/04/2003.  Nitrification occurred in phase III due primarily to residual loss.  The 
PDS hydraulic retention time (HRT) was reduced from five to two days at the end of Phase III to 
maintain residual and control nitrification. 
7.4 Results and Discussion 
7.4.1 Water Quality Correlation 
Bulk water HPCs were regressed against many water quality parameters and found 
chloramine residual, DO and temperature were dominant independent water quality variables 
controlling the growth of heterotrophic bacteria.  When a residual was present (data set 
associated with the two-day HRT), nitrite was also a significant parameter due to the nitrite 
demand on chloramine residual. 
7.4.1.1 Residual 
Heterotrophic bacteria increased as chloramine residual decreased.  As shown in Figure 
7.3, the relationship between HPCs and effluent residual was exponential and especially sensitive 
to concentrations of chloramines less than 0.3-0.2 mg/L.  This data clearly shows the importance 
of maintaining a residual in distribution systems for bacterial control. 
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Figure 7.3 Correlation of Effluent HPC and Effluent Residual with Pooled Data 
 
7.4.1.2 Temperature 
The correlation of effluent HPC and temperature is shown in Figure 7.4.  As expected, 
HPCs increased with temperature.  Bacteria do grow more rapidly as temperature increases given 
the temperature compliant range for the bacteria is not exceeded.  However increasing 
temperature increased bacterial growth by depleting residual as well as promoting bacterial 
reproduction.  Utilities can do little to control temperature, but they can flush and maintain 
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residuals.  Such actions should be more prevalent during the spring and summer when higher 
temperatures are common. 
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Figure 7.4 Correlation of Effluent HPC and Temperature at 5 Day HRT 
 
7.4.1.3 AOC 
Influent AOC versus effluent HPCs is shown in Figure 7.5.  AOC was not a statistically 
significant independent variable for modeling effluent HPCs.   As noted in the literature review, 
several investigators had noted that carbon may not be limiting growth of heterotrophic bacteria, 
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which is suggested here.  Because AOC was not limiting there was no correlation for HPCs with 
AOC.  However as shown in Figure 7.5, all low HPC values (below 104 cfu/mL) were observed 
when AOC was less than 110 µg/L, which is similar to the 100 ug/L AOC threshold limits in the 
presence of chloramines reported by other investigators (Volk and LeChevallier, 2000).  There 
were no low HPC values observed when AOC was above this level. 
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Figure 7.5 Correlation of Effluent HPC and AOC 
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7.4.1.4 Nitrite and NOx-N 
HPCs versus NO2-N and NOx-N is shown in Figure 7.6 and Figure 7.7  respectively. 
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Figure 7.6 Correlation of Effluent HPC and Nitrite Generation 
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Figure 7.7 Correlation of Effluent HPC and NOx-N Generation 
 
Although the R2 are low for both regressions, the correlations are stronger if HPCs 
occurring at less than 0.2 mg/L NO2-N and NO3-N are excluded. The Hach test used to measure 
nitrates gave NOx-N as the sum of nitrite and nitrate.   Other investigators have shown nitrite was 
correlated positively to increasing HPCs and low residuals associated with nitrification (Furumai, 
1994). 
7.4.1.5 DO 
Effluent HPC also correlated with effluent DO as shown in Figure 7.8. 
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Figure 7.8 Correlation of Effluent HPC and Effluent DO 
 
The data shown in Figure 7.8 indicates the incremental DO change in distribution 
systems is an excellent parameter for monitoring heterotrophic bacteria growth and hence 
distribution system biostability.  DO is easily monitored on-line in real-time and would allow 
proactive management of distribution system biostability.  Flushing and residual boosts could be 
correlated to incremental DO decreases in distribution systems. 
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7.4.2 Functional Relationships 
HPCs were correlated to temperature, residual, DO, and nitrite in the bulk distribution 
system water by linear regression.  Although dissolved oxygen (DO) correlated very strongly 
with HPC values, it should be considered a symptom and not a driving force for increasing 
distribution system HPCs.  Effluent DO, not influent DO, is correlated with HPCs.  DO 
consumption was the result of bacterial growth, and would not be limiting in almost all 
distribution system environments.  Corrective action by utilities to restore biostability and 
reduced HPCs should occur long before DO limits heterotrophic bacterial growth.  As a 
consequence DO effluent or consumption was not included in the predictive equations, which are 
developed in this work.  As a consequence temperature appeared to be the main driving force in 
determining HPC proliferation.  It is most likely that temperature impacted the rate of residual 
and DO depletion in redox reactions in unlined pipe walls in the PDSs.  Microbial growth 
increased with temperature, which also impacted DO depletion and in the case of autotrophic 
growth, impacted residual depletion due to chloramine oxidation of nitrite.  The fact that neither 
ammonia nor AOC were significant in regression analysis suggests that neither nutrient was 
limiting.  For example, when residual was completely depleted, there was a consistent HPC 
increase in the bulk liquid.  AOC values were never observed below 26 µg/L (all AOC values are 
reported as acetate carbon).   Even the AOC of water treated by reverse osmosis (RO) permeate 
was 26 µg/L and well above the 10 µg/L threshold for biostability in the absence of a residual 
(van der Kooij, 1992).  As a consequence even at the low end of the range, AOC was not limiting 
in the absence of residual in this study, which is the reason heterotrophic bacteria proliferated 
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when residual was absent. The hypothesized functional relationships in water distribution system 
can be shown as in Figure 7.9. 
 
 
Figure 7.9  Hypothesized Functional Relationships in Water Distribution System 
 
7.4.3 Empirical Models 
Log HPCs were regressed against PDS water quality.  Chloramine residual and 
temperature were the dominant independent variables and correlated to Log HPCs increases in 
the bulk liquid.   Nitrite was also significant when a chloramine residual was present, (the two 
day HRT data set).  The correlation of log HPCs to average residual and delta NO2-N was best 
described by a non-linear model, which is shown in Equation (7.1).  The actual and predicted log 
HPCs versus the average residual and delta NO2-N are shown in Figure 7.10.  
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HPC Growth
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Nitrification 
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Figure 7.10 Predicted and Actual HPC versus Average Residual and ∆NO2-N  for a Two 
day HRT) 
 
Temperature was not statistically significant for the conditions of the two day data set, 
which is fundamentally inappropriate.  However similar results have been found elsewhere.  
Positive HPC increases have been correlated with low residual levels and nitrification by other 
investigators (Furumai, 1994).  The model shown in Equation (7.1) can not be directly used by 
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utilities to proactively control heterotrophic bacterial growth, but does show that distribution 
system HPCs were associated with biochemical nitrification and lower average residuals. 
( NNO
sidualAverage
CEffluentHP −∆++= 2500.5Re008.5
899.4)log( )  (7.1)
 
Regression of log HPCs in the PDS effluent against water quality gave different                                        
results for the five day HRT data set.  As with the five day HRT data set, a nonlinear model best 
described the relationship between log HPCs and average residual and average temperature, 
which were the only significant PDS water quality variables.  The resulting model is shown in 
Equation (7.2).  The actual and predicted log HPCs versus average residual and average 
temperature is shown in Figure 7.11.  The change of significant variables in the two models 
described by Equations (7.1) and (7.2) simply shows that time is a major variable and should be 
included as a independent variable in models describing heterotrophic bacteria growth in 
distribution systems.  Temperature is actually always significant to bacterial growth in actual 
systems, although statistical regression may not always find temperature significant.  Such 
results are the product of the data sets and not the fundamental mechanisms controlling bacteria 
change.  Microbiological systems are complex and not easily modeled in drinking water 
distribution systems. Unfortunately inclusion of time in these data sets would have required more 
sampling at incremental ports in the PDSs and was beyond the budget of the project. 
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Figure 7.11 Prediction of HPC without Nitrification (5 day HRT) 
 
The final model is shown in Equation (7.2): 
( ) ( )2
+6040
0160
= peratureAverageTem
sidualReAverage.
.
CEffluentHPlog  (7.2)
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7.5 Conclusions 
• Residual and temperature were the dominant variables driving HPC proliferation in the 
bulk water in the PDS. 
• AOC carbon was not a limiting nutrient for growth of heterotrophic bacteria in this 
distributions systems.  However AOC can limit bacterial growth in distribution system 
environments but can be displaced by ammonia as nutrient when chloramines are present 
in drinking water distribution systems. 
• The growth of heterotrophic bacteria in these distribution systems was positively 
correlated to Nitrite-N, which can enhance heterotrophic bacteria growth by depleting 
residuals, and releasing organics (autotrophs convert inorganic carbon to organic carbon).   
• Effluent HPCs correlated with decreasing DO in the PDS effluent.  Incremental DO 
change is easily monitored in real time on line and is an excellent parameter for 
monitoring biostability in drinking water distribution systems.  
• Hypothesized functional relationships were developed using non linear regression for log 
HPCs in the water distribution systems using two day and five day water quality data 
sets.  Different independent variables were significant for each model, which indicates 
time needs to included in any model developed for HPC change.  The two empirical 
models predicted HPC growth with or without nitrification and decreasing average 
chloramine residual. 
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CHAPTER 8 NF & RO BIOSTABILITY RELATIVE TO ALTERNATIVE 
METHODS OF WATER TREATMENT 
Biostability in drinking water distribution systems was assessed by AOCs, BDOCs, and 
HPCs of the bulk water, and by PEPAs of the attached biofilms.   Different finished waters 
representing conventional ground water (GW), softened GW, nanofiltered (NF) GW, and surface 
water (SW) treated by enhanced coagulation-ozone-biological carbon filtration (BCF) and 
nanofiltration and desalination were stabilized, chloraminated and distributed to eighteen pilot 
distribution systems (PDS), which were made of PVC, unlined cast iron (UCI), lined cast iron 
and galvanized steel (G) pipes.   All membrane finished waters were more likely to be 
biologically stable as indicated by lower AOCs.  RO produced the lowest AOC.  NF of SW did 
not reduce AOC relative to enhanced coagulation-ozone-BCF SW.  NF GW did reduce AOC 
relative to conventional GW treatment.  There was no difference among biofilm growth by 
process.  The order of biofilm growth by pipe material was UCI > G > LCI > PVC.  Biostability 
decreased as temperature increased.  AOC can be used to asses the finished water biostability, 
PEPA can be used to assess the biofilm biostability in the distribution system, and HPC can be 
used to assess the bacterial regrowth in the distribution system. 
8.1 Introduction 
Waters produced from five different treatment systems; aeration of ground water (GW), 
nanofiltration of ground (NFG), high pressure RO treatment of ground, enhanced treatment of 
surface water (SW), and nanofiltration of surface water (NFS) were blended and distributed to 18 
different pilot distribution systems (PDS).  The RO source was augmented with salts to mimic 
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seawater.  The PDSs consisted of PVC, galvanized (G), lined cast iron (LCI) and cast iron (UCI) 
pipes taken from existing distribution systems and had a 5-day HRT.  Chloramines were used as 
disinfectant (Taylor, 2001). 
Bacterial growth in distribution systems results from naturally occurring soil and water 
bacteria most of whom are integral in nature to 1 of 3 element cycles: 1) the carbon cycle, 2) the 
nitrogen cycle, or 3) the sulfur cycle.  The bacteria involved in the carbon cycle are heterotrophic 
organisms, which are metabolically very diverse.  They may use a number of different electron 
acceptors (e.g. oxygen, nitrate, nitrite, sulfate, ferric iron).  Autotrophic bacteria can initiate the 
colonization of distribution system surfaces.  As the autotrophs convert inorganic carbon to 
organic carbon they provide a food source for heterotrophic bacteria.  Thus the autotrophs 
become the primary producers of a much more complex food chain and make colonization by 
heterotrophs possible even under extremely carbon limited conditions.  For this reason multiple 
nutrient control is necessary.  Carbon limitation alone may not be effective if other nutrients such 
as nitrogen are present in abundance (Taylor et al., 2001). 
There are a number of assays to quantify bacterial regrowth potential for water samples.  
These assays can be categorized as those which quantify a limiting nutrient (usually 
biodegradable carbon) directly, or those which quantify bacterial growth from the sample 
directly.  AOC, BDOC, HPC are measures of suspended biological activity.  PEPA measures 
attached film bioactivity. 
The assays which quantify a limiting nutrient often assume that carbon is the limiting 
nutrient for growth (e.g.  BDOC). Even assays, which directly measure bacterial growth are 
reported in a manner which presumes that carbon is the limiting nutrient (e.g. AOC).  However, 
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there are examples in the literature of water distribution systems where other nutrients, such as 
phosphorus (Savthasian et al., 1997; Savthasivan et al., 1998), were found to be the limiting 
nutrient.  Indeed Haas (1999), citing a previous study of his (Haas et al., 1988) and of others 
(Miettinen et al., 1997), observed more robust growth from phosphorus addition than with 
carbon, which may be significant since many anticorrosion inhibitors are based on ortho or  poly-
phosphate.  However it has been suggested in the literature that the net effect of these corrosion 
inhibitors to impede biofilm development is associated with saturation of sorption sites on the 
pipe surface.  This prevents both the adsorption of NOM (which could serve as a food source for 
attached bacteria) and attachment of microorganisms to the surface (Haas, 2000).  Some 
bioassays have been developed specifically for determining the effect of phosphorus as a major 
limiting nutrient (Lehtola et al., 1999).  In addition, assays like AOC sometimes yield 
significantly higher values when samples are spiked with inorganic nutrients (Charnock and 
Kjonno, 2000) indicating that carbon is not the only significant nutrient limiting growth. 
8.2 Pilot Plant Design 
All pilot treatment systems including stabilization and disinfection were identified as 
(Taylor, 2001, Liu, 2004): 
• SW: Surface water - coagulation-sedimentation- filtration (CSF)-ozonation-GAC 
• NFS: Surface water -CSF-NF 
• RO: Ground water- high pressure reverse osmosis 
• GW: Ground water - aeration 
• NFG: Nanofiltration of ground water blends 
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The PDS received waters produced from 5 different water treatment processes designed 
to simulate the full-scale water treatments.  The site is located at Tampa Bay Water (TBW) 
Cypress Creek Wellfield.  The site picture is shown in Figure 8.1. 
 
 
Figure 8.1 Process Water Tanks 
 
The PDSs were designed with a five-day hydraulic retention time (HRT) and made from 
actual distribution system PVC, lined cast iron (LCI), unlined cast iron (UCI) and galvanized 
steel (G) pipes.  The pipe diameters were 6”, 6”, 6” and 2” respectively (Figure 8.2).  The PDSs 
were flushed every week with five PDS volumes at 1 ft/sec.  The periodic flush reduced biofilm 
accumulation by simulating velocity in a full-scale distribution system (Liu, 2004). 
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 Figure 8.2 Distribution System of Pilot Plant 
 
There were 18 PDSs, only those PDSs that received unblended finished waters are 
discussed in this paper. 
8.3 Methods and Materials 
8.3.1 PEPA 
The Potential ExoProteolytic Activity (PEPA) method measures the global activity of the 
biofilm, estimating the potential of bacteria to lysis proteins, using a proteic non-fluorescent 
artificial substrate (here L-Leucine β-Naphtylamide, LLβN).  The enzymatic hydrolysis of this 
substrate leads to a fluorescent product (here β-Naphtylamine, βN), which can be detected by 
spectrofluorimetry.  Fluorescence was plotted as a function of time and the rate of degradation 
gave an estimate of biological activity in the sample (Laurent, 1995).  The same four pipe 
materials (PVC, LCI, UCI, and G) were used for PEPA testing as were in the PDS.  The cradles 
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as shown in Figure 8.3 (left) were used for the biofilm study.  Coupons as shown in Figure 8.3 
(right) were put inside the cradles.  Same feed water of the PDSs was put in to cradles and 
coupons were put into the cradles at the start of each phase or period and were taken out for 
biofilm analysis at the end of each phase or period. 
 
      
Figure 8.3 Cradles of Pilot Plant (Left) and Coupons in the Cradles (Right) 
 
8.3.2 AOC 
Assimilable organic carbon (AOC) is DOC that can be easily assimilated by bacteria and 
converted to cell mass (Liu, 2001).  AOC concentration corresponds directly to bacterial 
regrowth potential. 
The AOC method was first published in Europe (Van der Kooij, 1982).  A modified 
version of Van der Kooji’s method was published in the United States (LeChevallier et al, 1993).  
Pseudomonas fluorescens strain P17 and Spirillum strain NOX that are indigenous in drinking 
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water are the measuring strains.  It is assumed that cell numbers in the stationary phase of the 
two bacteria are linearly correlated to AOC concentration in water, AOC concentration can be 
calculated by comparing the cell number incubated in an organic compound (sodium acetate) 
with standard concentration and the cell number incubated in water samples (Standard Methods, 
9217B). 
8.3.3 BDOC 
Biodegradable organic carbon (BDOC) was determined by bacterial attached to sand 
particles.  Three hundred mL water samples were inoculated with 100g of biologically active 
sand and incubated at 20oC under 4 L/h aeration.  Sample fractions were collected daily and 
filtered through a 0.45 um membrane.  DOC was measured until minimum DOC values were 
reached.  The BDOC concentrations were derived from the difference between the initial and 
minimum DOC levels (Volk, 2002). 
8.3.4 HPC 
HPC was performed by spread plating on R2A agar and incubated at 25 oC for seven days 
as outlined in Standard Method 9215C (APHA, AWWA, and WEF, 1992). 
The PDSs were operated over three phases, each phase was three months long.  AOC, 
BODC and HPC were taken at the start and end of each phase, while the PEPA are taken at end 
of each phase. 
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8.4 Results 
8.4.1 AOC 
The AOC influent, effluent, and difference of influent and effluent from the PDSs are 
shown in Figure 8.4, Figure 8.5, and Figure 8.6 respectively by process and phase.  Most of the 
AOC data were less than 100 µg-C/L, except at the end of Phase I for GW and at the end Phase 
III for PDSs receiving GW and SW.  AOCs were highest at the end of Phase III.  RO produced 
the lowest PDS influent AOC for all processes and PDS influents and effluents.  NFG and NFS, 
and SW water had similar AOC levels.  GW water had the highest PDS influent AOC. 
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8.4.2 BDOC 
The PDS BDOC influent, effluent, and difference of influent and effluent are shown in 
Figure 8.7, Figure 8.8, and Figure 8.9 respectively by processes and phases.  Most of the BDOC 
data were less than 0.50 mg-C/L, except GW Phase III influent, which was almost 2.5 mg-C/L.  
BDOC analyses were discontinued after the start of Phase III because of lack of sensitivity , e.g. 
the difference of BDOC was below the detection limit of TOC analysis. 
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8.4.3 HPC 
The PDS influent and effluent HPCs are shown in Figure 8.10, Figure 8.11, and Figure 
8.12 respectively by process and phase.  The HPC data for Phase I was not available.  Phase II 
HPCs ranged from 20 to 235 cfu/ml in the influent to 85 to 55500 cfu/mL in the effluent.  
Generally Phase II HPCs were low, no more than 1000 cfu/mL.  Phase III HPCs ranged from 
200 to 46,400 cfu/mL in the influent, and from 15,500 to 328,000 cfu/ml in the effluent.  The 
Phase III HPC increase was due to loss of residual from high summertime temperatures over the 
5 day HRT. 
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8.4.4 PEPA 
The four pipe materials used for PEPA testing were PVC, LCI, UCI, and G.  PEPAs for 
each material are shown in Figure 8.13, Figure 8.14, Figure 8.15, and Figure 8.16. 
All the coupons were put into cradles at the start, and taken out of the cradles at the end 
of each phase.  Phase III PEPA were higher than Phase II, and Phase I PEPA were the lowest.  
Generally, PVC had the lowest, while UCI had the highest PEPA. 
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8.5 Discussion 
8.5.1 AOC 
AOC increased in all finished water at the end of Phase III, which was due to a 
simultaneous temperature and TOC increase in the source water.  The AOC increase was 
independent of process.  RO finished water produced the lowest AOC, ranging from 20 to 100 
µg/L.  Conventional ground water treatment produced the highest AOC, ranging from 80 to 250 
µg/L.  The AOCs of the remaining processes (NFG, NFS, enhanced coagulation of surface 
water) were approximately equal and varied from 30 to 100 µg/L. 
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It is important to note that biostability was not improved by nanofiltration for surface 
water relative to enhanced coagulation of surface water, but was improved by nanofiltration of 
ground water relative to conventional ground water treatment. 
The influent AOCs for conventional groundwater treatment and enhanced treatment of 
surface water were high at the end of Phase III, while the AOC in the PDS effluents for both of 
these waters were low (69µg/L for GW and 39µg/L for SW), which indicated that the waters 
were not biologically stable.  Bacteria regrowth in the distribution system consumed AOC, and 
also corresponded to simultaneous high HPCs and PEPAs in the PDS influents.  Conventional 
ground water treatment produced the highest AOCs in each phase. AOCs of enhanced coagulated 
surface water were unusually high at the end of Phase III, which was caused by overloading of 
the CSF process and was an outlier for assessment of biostability.  The order of biostability by 
PDS influents or process is: GW < NFG ≈ SW ≈ NFS < RO. 
The difference of AOC influent and effluent is shown in Figure 8.6.  It represents an 
evaluation of the release or uptake of AOC relative to membrane and other finished waters after 
a 5 day HRT.  There was no clear trend, which indicated that process did not affect AOC release 
or uptake in the PDS over three phases or nine months.  But it was obvious that significant 
change occurred in Phase III for four of the five treated waters.  However this change as noted 
previously was due to high temperature and TOC.  However, as the TOC of the RO water was 
low, this effect was probably due more to temperature than TOC. 
T testing was conducted to determine the statistical significance of the AOC differences 
between membrane and non-membrane processes as shown in Table 8.1.  Comparison of the 
AOC treatment means indicated GW AOC was 45µg/L higher than other waters (p-
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value=0.029).  RO AOC was 28 ug/L lower than the AOC of other finished waters (p-
value=0.15).  SW AOC was not significantly different than NFG or NFS AOC (p-value larger 
than 0.727).  There was no significant biostability difference in the NFG and NFS AOC (p-
value=0.983). 
 
Table 8.1 Statistic Contrast of AOC on Different Finished Waters 
Contrast Estimate (µg/L) p-Value 
RO-(GW+NFG+SW+NFS)/4 -28 0.150 
GW-(RO+NFG+SW+NFS)/4  45 0.029 
SW-(NFG+NFS)/2  7 0.727 
NFG-NFS  -1 0.983 
 
 
8.5.2 BDOC 
BDOC is similar to AOC in that suspended biostability is measured, but different things 
are measured.  AOC was determined from colony growth, while BDOC was measured from 
bacterial consumption of TOC. 
Obviously, there was not as much variation in BDOC as AOC for the same processes and 
phases.  BDOC was not as sensitive as AOC and did not show any significant differences, 
changes or trends.  BDOC of RO, NFS, NFG and enhanced coagulated surface water was 
statistically equal and varied from 0.1 to 0.5 mg/L.  However the highest BDOC was produced 
by conventional ground water treatment and ranged from 0.3 to 2.3 mg/L. 
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Contrary to AOC, there was no difference in RO and the other waters biostability as 
indicated by BDOC.  Comparison of the AOC and BDOC showed that BDOC was not as 
sensitivity as AOC for assessing biostability of differently treated waters. 
The difference of BDOC influent and effluent is shown in Figure 8.9.  It represents an 
evaluation of the release or uptake of BDOC relative to membrane and other finished waters 
after a 5-day HRT.  There was no clear trend, which indicated that process did not affect BDOC 
release or uptake in the PDS over three phases or nine months with the exception of conventional 
groundwater treatment.  The GW BDOC trend clearly increased with phase, which was 
consistent with the previous GW observations for AOC.  The highest BDOC difference occurred 
in the summertime, which corresponded to higher temperatures and higher TOCs. 
T testing was conducted to determine the statistical significance of the BDOC differences 
between membrane and non-membrane processes as shown in Table 8.2.  GW BDOC was 0.62 
mg/L and higher than the BDOC of the other finished waters (p-value<0.032).   RO BDOC was 
not statistically different than BDOC of other finished waters (p-value 0.361).  SW BDOC was 
not statistically different than NFG or NFS BDOC (p-value larger than 0.925).  NFG and NFS 
BDOC were also not significantly different (p-value=0.605). 
 
Table 8.2 Statistic Contrast of BDOC on Different Finished Waters 
Contrast Estimate (mg/L) p-Value 
RO-(GW+NFG+SW+NFS)/4 -0.25 0.361 
GW-(RO+NFG+SW+NFS)/4  0.62 0.032 
SW-(NFG+NFS)/2 -0.03 0.925 
NFG-NFS -0.18 0.605 
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8.5.3 HPC 
There was a two-log variation between the finished water HPCs in Phase II and Phase III, 
which was attributed to increased temperature.  The average temperature at the Phase II and 
Phase III were about 20oC and 28oC respectively.  Hence regardless of membrane or other 
treatment, HPC growth in the distribution system was higher for higher temperatures. 
T testing was conducted to determine the statistical significance of the HPC differences 
between membrane and non-membrane finished waters as shown in Table 8.3.  GW finished 
water HPCs were higher than finished water HPCs of all other treatments (p-value 0.156).  
However there was no statistically difference between HPCs in NFG and NFS finished waters 
(p-value 0.849), or between HPCs in GW and SW finished waters (p-value 0.414).   RO finished 
water HPCs were not significantly lower than finished water HPCs produced from other waters 
(p-value 0.353). 
 
Table 8.3 Statistic Contrast of HPC on Different Finished Waters 
Contrast Estimate (cfu/mL) p-Value 
RO-(GW+NFG+SW+NFS)/4 -6155 0.353 
GW-(RO+NFG+SW+NFS)/4 9591 0.156 
GW-SW 6831 0.414 
NFG-NFS 1572 0.849 
 
 
Comparison of the AOC, BDOC and HPC data showed that HPCs like BDOC did not 
show differences as readily as AOC for assessing biostability of differently treated waters in 
distribution system. 
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Figure 8.12 shows the difference of effluent and influent HPCs, which represents 
evaluation of HPC change relative to membrane and other finished waters after a 5-day HRT.  
There was a clear trend, which showed significant HPC growth or release from the biofilm 
occurred in most of the PDSs over three phases or nine months in the presence of a chloramine 
residual. 
Higher HPC growth or biofilm release of HPCs occurred at higher temperatures.  The 
lowest HPC growth in Phase II was for RO treated water, however the highest HPC growth in 
Phase III was for RO treated water indicating the complexity of biofilm viability.  Higher HPC 
growth or biofilm release of HPCs of NFS or NFG was not significantly different from other 
finished waters.  Hence membrane treatment relative to other treatments does not appear to affect 
HPC growth in distribution system. 
8.5.4 PEPA 
Figure 8.13, Figure 8.14, Figure 8.15, and Figure 8.16 show PEPA for Phase I, II and III 
by finished waters.  PEPA was only measured once during each phase and the coupons incubated 
in the distribution system for three months before they were removed for PEPA measurement. 
It is obvious that no or very little difference in PEPA was observed in Phase I or Phase II.  
Phase III PEPAs were the highest, which corresponded to the highest water temperature, 28 oC 
on average.  Hence regardless of membrane or other treatments, PEPA growth in the distribution 
system was higher at higher temperatures.  The p-value for the correlation of PEPA and 
temperature is less than 0.001. 
T testing was conducted to determine the statistical significance of the PEPA differences 
between membrane and non-membrane processes as shown in Table 8.4.  NFG and NFS PEPAs 
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were the lowest (p-value=0.110), while as RO PEPA was high.  This represents a change from 
bulk biostability parameters.  Conventional groundwater PEPA was clearly highest (p-value 
0.047).  GW and RO PEPAs were not statistically significant (p-value 0.385), which indicates 
that GW and RO PEPAs were relatively high.  The effect of RO and NF treatment on biofilm 
growth was not clear. 
 
Table 8.4 Statistic Contrast of PEPA on Different Finished Waters 
Contrast Estimate (nM of BetaN /cm2.min) p-Value
GW-(RO+NFG+SW+NFS)/4  2.49 0.047 
(NFS+NFG)/2-(GW+SW+RO)/3  1.50 0.110 
GW-RO 1.25 0.385 
 
 
 
T testing was conducted to determine the statistical significance of the PEPA differences 
on different materials as shown in Table 8.5.  UCI PEPA was 2.41 nM of BetaN /cm2.min higher 
than other materials (p- value 0.019), however PVC PEPA was 2.04 nM of BetaN /cm2.min 
lower than other materials (p-value 0.046).  LCI PEPA was 1.73 nM of BetaN /cm2.min lower 
than UCI or G PEPA (p-value 0.107), and the PEPA on G was 1.45 nM of BetaN /cm2.min 
higher than LCI or PVC PEPAs (p-value 0.175).  Consequently biofilm mass varied by pipe 
material in the order of UCI>G>LCI>PVC, which also corresponds to the order of pipe material 
surface roughness.  The inert pipes, namely PVC and LCI had smooth surfaces and less area for 
biogrowth.  These surfaces were also more difficult for bacterial attachment.  The reactive pipes, 
namely G and UCI had more surface area due to corrosion and were less difficult for bacterial 
attachment. 
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Table 8.5 Statistic Contrast of PEPA on Different Materials 
Contrast Estimate (nM of BetaN /cm2.min) p-Value
UCI-(G+LCI+PVC)/3  2.41 0.019 
PVC-(UCI+LCI+G)/3 -2.04 0.046 
LCI-(UCI+G)/2 -1.73 0.107 
G-(LCI+PVC)/2 1.45 0.175 
 
 
Figure 8.17  shows biofilm growth (PEPA) by phase and pipe material for RO finished 
water.  The average phase temperature is also shown.  This data was representative of the trend 
for all treatment processes and showed that PEPA change was independent of process. 
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Figure 8.17 PEPA on Material by Process (RO) 
 
 198
Average temperature increased from 16 oC to 28 oC from Phase I to Phase III.  Biofilm 
growth increased more than an order of magnitude (1 to 10 nM of BetaN/cm2·min).  Biofilm 
growth definitely depended on temperature and pipe material, but was independent of membrane 
or other treatment processes. 
8.6 Conclusions 
All membrane finished waters were relatively biologically stable as indicated by the low 
AOC values of the finished waters, while RO produced the lowest.  Nanofiltration of surface 
water didn’t reduce AOC relative to surface water enhanced treatment, while nanofiltration of 
ground water did reduce AOC relative to conventional ground water treatment.  Membrane 
treatments did not affect biofilm growth relative to non-membrane treatments as indicated by 
PEPA.   
The order of biofilm growth on material is Cast Iron > Galvanized > Lined Cast Iron > 
PVC.  Biostability decreased as temperature increased.  AOC was the best index for assessing 
the relative biostability in the finished waters, PEPA wwas the best indices for assessing biofilm 
biostability, and HPC can be used to assess the bacterial regrowth in the distribution systems.  
BDOC lacked the sensitivity to assess biostability in this work. 
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CHAPTER 9 RECOMMENDATIONS 
Based on the results of this research, Water utilities should consider employing practices 
that achieve greater stability of chloramines residuals in the distribution system to control 
nitrification and biological growth. 
The specific recommendations for further study are: 
• Correlate active biomass concentration to direct analytical method. 
• Specific areas of concern would be the effects of pipe materials, pipe geometry, and 
hydraulics on nitrification. 
• Feasible control strategies can be investigated further, such as flush residual strength, 
flush frequency, and flush disinfectant. 
• Corrosion inhibitors are suggested to be used to in the further study to investigate their 
effects on residual maintenance, biofilm control, and the control of nitrification. 
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APPENDIX A: 
PDS SPECIFICATION 
 
 204
Table A. 1 PDS 1 Specification 
HRT=2 Days, 
Q=1.71gal/hr 
HRT=5days, 
Q=0.68gal/hr 
Segment Material 
Segment 
Length 
(ft) 
Pipe 
Length 
(ft) 
Segment 
Volume 
(ft3) 
Pipe 
Volume 
(ft3) 
Segment 
HRT 
(hr) 
Pipe  
HRT 
(hr) 
Segment 
HRT 
(hr) 
Pipe  
HRT 
(hr) 
0-1 PVC 19.83 19.83 3.90 3.90 17.02 17.02 42.75 42.75 
1-2 LCI 19.08 38.92 3.75 7.64 16.38 33.40 41.14 83.89 
2-3 UCI 12.83 51.75 2.52 10.17 11.01 44.42 27.66 111.56 
3-4 G 22.63 74.38 0.49 10.66 2.16 46.57 5.42 116.98 
4-5 G 20.58 94.96 0.45 11.11 1.96 48.54 4.93 121.91 
 
 
Table A. 2 PDS 2 Specification 
HRT=2 Days, 
Q=1.71gal/hr 
HRT=5days, 
Q=0.68gal/hr 
Segment Material 
Segment 
Length 
(ft) 
Pipe 
Length 
(ft) 
Segment 
Volume 
(ft3) 
Pipe 
Volume 
(ft3) 
Segment 
HRT 
(hr) 
Pipe  
HRT 
(hr) 
Segment 
HRT 
(hr) 
Pipe  
HRT 
(hr) 
0-1 PVC 19.58 19.58 3.85 3.85 16.81 16.81 42.22 42.22 
1-2 LCI 21.17 40.75 4.16 8.00 18.17 34.97 45.63 87.84 
2-3 UCI 13.00 53.75 2.55 10.56 11.16 46.13 28.02 115.87 
3-4 G 22.25 76.00 0.49 11.04 2.12 48.25 5.33 121.20 
4-5 G 20.83 96.83 0.45 11.50 1.99 50.24 4.99 126.19 
 
 
Table A. 3 PDS 3 Specification 
HRT=2 Days, 
Q=1.71gal/hr 
HRT=5days, 
Q=0.68gal/hr 
Segment Material 
Segment 
Length 
(ft) 
Pipe 
Length 
(ft) 
Segment 
Volume 
(ft3) 
Pipe 
Volume 
(ft3) 
Segment 
HRT 
(hr) 
Pipe  
HRT 
(hr) 
Segment 
HRT (hr) 
Pipe  
HRT 
(hr) 
0-1 PVC 19.58 19.58 3.85 3.85 16.81 16.81 42.22 42.22 
1-2 LCI 18.46 38.04 3.63 7.47 15.84 32.65 39.79 82.01 
2-3 UCI 13.00 51.04 2.55 10.03 11.16 43.81 28.02 110.03 
3-4 G 21.17 72.21 0.46 10.49 2.02 45.83 5.07 115.10 
4-5 G 17.83 90.04 0.39 10.88 1.70 47.53 4.27 119.37 
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Table A. 4 PDS 4 Specification 
HRT=2 Days, 
Q=1.71gal/hr 
HRT=5days, 
Q=0.68gal/hr 
Segment Material 
Segment 
Length 
(ft) 
Pipe 
Length 
(ft) 
Segment 
Volume 
(ft3) 
Pipe 
Volume 
(ft3) 
Segment 
HRT 
(hr) 
Pipe  
HRT 
(hr) 
Segment 
HRT (hr) 
Pipe  
HRT 
(hr) 
0-1 PVC 19.67 19.67 3.86 3.86 16.88 16.88 42.39 42.39 
1-2 LCI 20.25 39.92 3.98 7.84 17.38 34.26 43.65 86.05 
2-3 UCI 13.00 52.92 2.55 10.39 11.16 45.42 28.02 114.07 
3-4 G 23.08 76.00 0.50 10.90 2.20 47.62 5.53 119.60 
4-5 G 20.58 96.58 0.45 11.35 1.96 49.58 4.93 124.53 
 
 
Table A. 5 PDS 5 Specification 
HRT=2 Days, 
Q=1.71gal/hr 
HRT=5days, 
Q=0.68gal/hr 
Segment Material 
Segment 
Length 
(ft) 
Pipe 
Length 
(ft) 
Segment 
Volume 
(ft3) 
Pipe 
Volume 
(ft3) 
Segment 
HRT 
(hr) 
Pipe  
HRT 
(hr) 
Segment 
HRT 
(hr) 
Pipe  
HRT 
(hr) 
0-1 PVC 19.71 19.71 3.871 3.87 16.92 16.92 42.48 42.48 
1-2 LCI 18.29 38.00 3.593 7.46 15.70 32.61 39.43 81.92 
2-3 UCI 12.78 50.78 2.511 9.98 10.97 43.59 27.56 109.47 
3-4 G 22.67 73.45 0.495 10.47 2.16 45.75 5.43 114.90 
4-5 G 20.25 93.70 0.442 10.91 1.93 47.68 4.85 119.75 
 
 
Table A. 6 PDS 6 Specification 
HRT=2 Days, 
Q=1.71gal/hr 
HRT=5days, 
Q=0.68gal/hr 
Segment Material 
Segment 
Length 
(ft) 
Pipe 
Length 
(ft) 
Segment 
Volume 
(ft3) 
Pipe 
Volume 
(ft3) 
Segment 
HRT 
(hr) 
Pipe  
HRT 
(hr) 
Segment 
HRT 
(hr) 
Pipe  
HRT 
(hr) 
0-1 PVC 19.67 19.67 3.863 3.86 16.88 16.88 42.39 42.39 
1-2 LCI 18.63 38.29 3.658 7.52 15.99 32.86 40.15 82.54 
2-3 UCI 12.67 50.96 2.488 10.01 10.87 43.74 27.31 109.85 
3-4 G 22.46 73.42 0.490 10.50 2.14 45.88 5.38 115.23 
4-5 G 20.58 94.00 0.449 10.95 1.96 47.84 4.93 120.16 
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Table A. 7 PDS 7 Specification 
HRT=2 Days, 
Q=1.71gal/hr 
HRT=5days, 
Q=0.68gal/hr 
Segment Material 
Segment 
Length 
(ft) 
Pipe 
Length 
(ft) 
Segment 
Volume 
(ft3) 
Pipe 
Volume 
(ft3) 
Segment 
HRT 
(hr) 
Pipe  
HRT 
(hr) 
Segment 
HRT 
(hr) 
Pipe  
HRT 
(hr) 
0-1 PVC 19.63 19.63 3.855 3.85 16.84 16.84 42.31 42.31 
1-2 LCI 19.83 39.46 3.896 7.75 17.02 33.87 42.75 85.06 
2-3 UCI 13.17 52.63 2.586 10.34 11.30 45.17 28.38 113.44 
3-4 G 22.83 75.46 0.498 10.84 2.18 47.34 5.47 118.91 
4-5 G 20.83 96.29 0.455 11.29 1.99 49.33 4.99 123.90 
 
 
Table A. 8 PDS 8 Specification 
HRT=2 Days, 
Q=1.71gal/hr 
HRT=5days, 
Q=0.68gal/hr 
Segment Material 
Segment 
Length 
(ft) 
Pipe 
Length 
(ft) 
Segment 
Volume 
(ft3) 
Pipe 
Volume 
(ft3) 
Segment 
HRT 
(hr) 
Pipe  
HRT 
(hr) 
Segment 
HRT 
(hr) 
Pipe  
HRT 
(hr) 
0-1 PVC 19.67 19.67 3.863 3.86 16.88 16.88 42.39 42.39 
1-2 LCI 19.04 38.71 3.740 7.60 16.34 33.22 41.05 83.44 
2-3 UCI 13.00 51.71 2.554 10.16 11.16 44.38 28.02 111.47 
3-4 G 22.58 74.29 0.493 10.65 2.15 46.53 5.41 116.88 
4-5 G 20.67 94.96 0.451 11.10 1.97 48.50 4.95 121.83 
 
 
Table A. 9 PDS 9 Specification 
HRT=2 Days, 
Q=1.71gal/hr 
HRT=5days, 
Q=0.68gal/hr 
Segment Material 
Segment 
Length 
(ft) 
Pipe 
Length 
(ft) 
Segment 
Volume 
(ft3) 
Pipe 
Volume 
(ft3) 
Segment 
HRT 
(hr) 
Pipe  
HRT 
(hr) 
Segment 
HRT 
(hr) 
Pipe  
HRT 
(hr) 
0-1 PVC 19.67 19.67 3.863 3.86 16.88 16.88 42.39 42.39 
1-2 LCI 19.50 39.17 3.830 7.69 16.74 33.62 42.04 84.43 
2-3 UCI 13.00 52.17 2.554 10.25 11.16 44.77 28.02 112.45 
3-4 G 22.58 74.75 0.493 10.74 2.15 46.93 5.41 117.86 
4-5 G 21.50 96.25 0.469 11.21 2.05 48.98 5.15 123.01 
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Table A. 10 PDS 10 Specification 
HRT=2 Days, 
Q=1.71gal/hr 
HRT=5days, 
Q=0.68gal/hr 
Segment Material 
Segment 
Length 
(ft) 
Pipe 
Length 
(ft) 
Segment 
Volume 
(ft3) 
Pipe 
Volume 
(ft3) 
Segment 
HRT 
(hr) 
Pipe  
HRT 
(hr) 
Segment 
HRT 
(hr) 
Pipe  
HRT 
(hr) 
0-1 PVC 19.58 19.58 3.847 3.85 16.81 16.81 42.22 42.22 
1-2 LCI 17.83 37.42 3.503 7.35 15.31 32.11 38.44 80.66 
2-3 UCI 12.75 50.17 2.504 9.85 10.94 43.06 27.48 108.14 
3-4 G 22.67 72.83 0.495 10.35 2.16 45.22 5.43 113.57 
4-5 G 20.58 93.42 0.449 10.80 1.96 47.18 4.93 118.50 
 
 
Table A. 11 PDS 11 Specification 
HRT=2 Days, 
Q=1.71gal/hr 
HRT=5days, 
Q=0.68gal/hr 
Segment Material 
Segment 
Length 
(ft) 
Pipe 
Length 
(ft) 
Segment 
Volume 
(ft3) 
Pipe 
Volume 
(ft3) 
Segment 
HRT 
(hr) 
Pipe  
HRT 
(hr) 
Segment 
HRT 
(hr) 
Pipe  
HRT 
(hr) 
0-1 PVC 19.71 19.71 3.871 3.87 16.92 16.92 42.48 42.48 
1-2 LCI 19.17 38.88 3.765 7.64 16.45 33.37 41.32 83.80 
2-3 UCI 12.67 51.54 2.488 10.12 10.87 44.24 27.31 111.11 
3-4 G 21.96 73.50 0.479 10.60 2.09 46.33 5.26 116.37 
4-5 G 20.50 94.00 0.447 11.05 1.95 48.29 4.91 121.28 
 
 
Table A. 12 PDS 12 Specification 
HRT=2 Days, 
Q=1.71gal/hr 
HRT=5days, 
Q=0.68gal/hr 
Segment Material 
Segment 
Length 
(ft) 
Pipe 
Length 
(ft) 
Segment 
Volume 
(ft3) 
Pipe 
Volume 
(ft3) 
Segment 
HRT 
(hr) 
Pipe  
HRT 
(hr) 
Segment 
HRT 
(hr) 
Pipe  
HRT 
(hr) 
0-1 PVC 19.71 19.71 3.871 3.87 16.92 16.92 42.48 42.48 
1-2 LCI 20.17 39.88 3.961 7.83 17.31 34.22 43.47 85.96 
2-3 UCI 13.17 53.04 2.586 10.42 11.30 45.52 28.38 114.34 
3-4 G 23.17 76.21 0.506 10.92 2.21 47.73 5.55 119.89 
4-5 G 15.00 91.21 0.327 11.25 1.43 49.16 3.59 123.48 
 
 
 
 208
Table A. 13 PDS 13 Specification 
HRT=2 Days, 
Q=1.71gal/hr 
HRT=5days, 
Q=0.68gal/hr 
Segment Material 
Segment 
Length 
(ft) 
Pipe 
Length 
(ft) 
Segment 
Volume 
(ft3) 
Pipe 
Volume 
(ft3) 
Segment 
HRT 
(hr) 
Pipe  
HRT 
(hr) 
Segment 
HRT 
(hr) 
Pipe  
HRT 
(hr) 
0-1 PVC 19.83 19.83 3.896 3.90 17.02 17.02 42.75 42.75 
1-2 LCI 19.67 39.50 3.863 7.76 16.88 33.90 42.39 85.15 
2-3 UCI 12.46 51.96 2.447 10.21 10.69 44.59 26.86 112.01 
3-4 G 22.00 73.96 0.480 10.69 2.10 46.69 5.27 117.27 
4-5 G 20.50 94.46 0.447 11.13 1.95 48.65 4.91 122.18 
 
 
Table A. 14 PDS 14 Specification 
HRT=2 Days, 
Q=1.71gal/hr 
HRT=5days, 
Q=0.68gal/hr 
Segment Material 
Segment 
Length 
(ft) 
Pipe 
Length 
(ft) 
Segment 
Volume 
(ft3) 
Pipe 
Volume 
(ft3) 
Segment 
HRT 
(hr) 
Pipe  
HRT 
(hr) 
Segment 
HRT 
(hr) 
Pipe  
HRT 
(hr) 
0-1 PVC 18.79 18.79 3.691 3.69 16.13 16.13 40.51 40.51 
1-2 LCI 20.25 39.04 3.978 7.67 17.38 33.51 43.65 84.16 
2-3 UCI 12.67 51.71 2.488 10.16 10.87 44.38 27.31 111.47 
3-4 G 23.58 75.29 0.515 10.67 2.25 46.63 5.65 117.11 
4-5 G 20.75 96.04 0.453 11.12 1.98 48.61 4.97 122.08 
 
 
Table A. 15 PDS 15 Specification 
HRT=2 Days, 
Q=2.90gal/hr 
HRT=5days, 
Q=1.16gal/hr 
Segment Material 
Segment 
Length 
(ft) 
Pipe 
Length 
(ft) 
Segment 
Volume 
(ft3) 
Pipe 
Volume 
(ft3) 
Segment 
HRT 
(hr) 
Pipe  
HRT 
(hr) 
Segment 
HRT 
(hr) 
Pipe  
HRT 
(hr) 
0-1 UCI 12.25 12.25 2.406 2.41 6.20 6.20 15.55 15.55 
1-2 UCI 12.58 24.83 2.472 4.88 6.37 12.58 15.98 31.53 
2-3 UCI 12.58 37.42 2.472 7.35 6.37 18.95 15.98 47.51 
3-4 UCI 12.17 49.58 2.390 9.74 6.16 25.12 15.45 62.96 
4-5 UCI 12.17 61.75 2.390 12.13 6.16 31.28 15.45 78.41 
5-6 UCI 11.75 73.50 2.308 14.44 5.95 37.23 14.92 93.33 
6-7 UCI 9.83 83.33 1.932 16.37 4.98 42.21 12.49 105.81 
7-8 UCI 11.08 94.42 2.177 18.55 5.61 47.82 14.07 119.89 
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Table A. 16 PDS 16 Specification 
HRT=2 Days, 
Q=2.90gal/hr 
HRT=5days, 
Q=1.16gal/hr 
Segment Material 
Segment 
Length 
(ft) 
Pipe 
Length 
(ft) 
Segment 
Volume 
(ft3) 
Pipe 
Volume 
(ft3) 
Segment 
HRT 
(hr) 
Pipe  
HRT 
(hr) 
Segment 
HRT 
(hr) 
Pipe  
HRT 
(hr) 
0-1 LCI 18.25 18.25 3.585 3.58 10.71 10.71 26.85 26.85 
1-2 LCI 19.00 37.25 3.732 7.32 11.15 21.85 27.96 54.81 
2-3 LCI 18.00 55.25 3.536 10.85 10.56 32.41 26.48 81.29 
3-4 LCI 19.08 74.33 3.749 14.60 11.20 43.61 28.08 109.37 
4-5 LCI 8.58 82.92 1.686 16.29 5.04 48.64 12.63 122.00 
 
 
Table A. 17 PDS 17 Specification 
HRT=2 Days, 
Q=2.90gal/hr 
HRT=5days, 
Q=1.16gal/hr 
Segment Material 
Segment 
Length 
(ft) 
Pipe 
Length 
(ft) 
Segment 
Volume 
(ft3) 
Pipe 
Volume 
(ft3) 
Segment 
HRT 
(hr) 
Pipe  
HRT 
(hr) 
Segment 
HRT 
(hr) 
Pipe  
HRT 
(hr) 
0-1 PVC 19.25 19.25 3.781 3.78 9.49 9.49 23.79 23.79 
1-2 PVC 19.75 39.00 3.879 7.66 9.74 19.23 24.41 48.20 
2-3 PVC 19.79 58.79 3.888 11.55 9.76 28.99 24.46 72.66 
3-4 PVC 19.83 78.63 3.896 15.44 9.78 38.77 24.51 97.17 
4-5 PVC 19.92 98.54 3.912 19.36 9.82 48.59 24.62 121.79 
 
 
Table A. 18 PDS 18 Specification 
HRT=2 Days, 
Q=2.90gal/hr 
HRT=5days, 
Q=1.16gal/hr 
Segment Material 
Segment 
Length 
(ft) 
Pipe 
Length 
(ft) 
Segment 
Volume 
(ft3) 
Pipe 
Volume 
(ft3) 
Segment 
HRT 
(hr) 
Pipe  
HRT 
(hr) 
Segment 
HRT 
(hr) 
Pipe  
HRT 
(hr) 
0-1 G 42.67 42.67 0.931 0.93 14.65 14.65 36.62 36.62 
1-2 G 22.00 64.67 0.480 1.41 7.55 22.20 18.88 55.50 
2-3 G 26.25 90.92 0.573 1.98 9.01 31.21 22.53 78.03 
3-4 G 8.00 98.92 0.175 2.16 2.75 33.96 6.87 84.90 
4-5 G 21.00 119.92 0.458 2.62 7.21 41.17 18.02 102.92 
5-6 G 21.67 141.58 0.473 3.09 7.44 48.61 18.60 121.52 
6-7 G 10.83 152.42 0.236 3.33 3.72 52.33 9.30 130.82 
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Table B. 1 PDS Feed Water Blends Specification 
PDS – Material Phase I, III Sources 
(%) 
Phase II, IV Sources 
(%) 
Comments 
01 – hybrid G1(100) G2(100) Switch with PDS02 
02 – hybrid G2(100) G1(100) Switch with PDS01 
03 – hybrid S1(100) S2(100) Switch with PDS13 
04 – hybrid G4(100) G3(100) Switch with PDS12 
05 – hybrid RO(100) S1(100) Switch with PDS03 
06 – hybrid G1(55) S1(45) G1(68) RO(32) Switch with PDS07 
07 – hybrid G1(68) RO(32) G1(55) S1(45) Switch with PDS06 
08 – hybrid G1(23) S1(45) 
RO(32) 
G1(60) S2(30) 
RO(10) 
Switch with PDS09 
09 – hybrid G1(60) S2(30) 
RO(10) 
G1(23) S1(45) 
RO(32) 
Switch with PDS08 
10 – hybrid G2(50) S1(50) G2(62) S1(24) 
RO(14) 
Switch with PDS11 
11 – hybrid G2(62) S1(45) 
RO(14) 
G2(50) S1(50) Switch with PDS10 
12 – hybrid G3(100) G4(100) Switch with PDS04 
13 – hybrid S2(100) RO(100) Switch with PDS05 
14 – hybrid (high 
frequency change) 
G1(62) S1(27) 
RO(11) 
G1(62) S1(27) 
RO(11) 
No change 
15 – unlined iron G1(23) S1(45) 
RO(32) 
G1(60) S1(30) 
RO(10) 
Change blend % 
16 – lined iron G1(23) S1(45) 
RO(32) 
G1(60) S1(30) 
RO(10) 
Change blend % 
17 – PVC G1(23) S1(45) 
RO(32) 
G1(60) S1(30) 
RO(10) 
Change blend % 
18 – galvanized G1(23) S1(45) 
RO(32) 
G1(60) S1(30) 
RO(10) 
Change blend % 
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